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departments which it will serve.

building provides will henceforth

materials work at MIT.

Reports on the many facets of materials research at the

Massachusetts institute of Teclmolo_- have been brought together in this

one volume, the fifth in a series prepared for the MIT community by the

Center for Materials Science and Engineering in cooperation with the many

individuals and groups occupied with materials work. Its aim is to provide

both a general view of the research on materials at MIT and a sufficiently

specific description of each research effort to be useful to the specialist.

A special event this year was the dedication of the handsome new

Vannevar Bush building with its associated symposium on materials

problems which brought many friends to the campus. In addition to

normal activities, a number of those interested in materials have thus

been occupied during the past year with moving into the new building, and

others are still busy with the regrouping in nearby campus buildings which

has consequently been made possible. The Bush building, the largest new

addition to academic facilities on the MIT campus, houses much of the

Center for Materials Science and Engineering. While never intended to

contain all the research closely connected with the Center, and much less

the many other aspects of materials work at MIT, the 150, 000 square feet

of the Bush building and the new facilities installed there represent a

very substantial new resource. Its central position on the campus also

makes it easily accessible to faculty and students from a large number of

The new space and facilities which this

play a major role in advancing

Charles H. Townes
Provost
Massachusetts Institute

of Technology

March, 1966
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SURVEY

This is the fifth in the series of Annual Reports on Research

in Materials Science and Engineering at the Massachusetts Institute of

Technology. With the occupation of our new interdisciplinary laboratory

a notable addition to the facilities at MIT for research and teaching in this

field has been made. Only a fraction of the total materials effort at MIT

is located in the new building but with 43 professors and their students

together with post-doctoral research workers the new laboratory is a

significant addition.

The report aims at covering a substantial fraction of the total

research effort at MIT on materials science and engineering including the

MIT contribution to the Materials Program of the Advanced Research

Projects Agency under Contract SD-90 and the work of the special labora-

tories such as the National Magnet Laboratory, the Lincoln Laboratory

and the Instrumentation Laboratory. It also covers work in other inter-

departmental laboratories such as the Research Laboratory of Electronics,

and deals with work carried on in a large number of the Academic

Departments. Individual programs can be identified together with their

sponsorship in the acknowledgments included in the report and also from

the list on the inside of the front cover.

We have followed fairly closely the arrangement of previous

reports dividing the subject matter into a number of sections, as follows:

A. Chemical and Solid State Physics

B. Electric, Magnetic, and Optical Properties

of Materials and Applications to Devices

C. Metallurgy and Materials Science

D. Materials Engineering

These sections deal mainly with work carried out in the InterdiscipLinary

Laboratory of the Center for Materials Science and Engineering, in the

Academic Departments and in the Research Laboratory of Electronics

directed by Professor H. J. Zimmermann. Reports in each section identify

the Department and/or Laboratory concerned. The work of the three other

laboratories listed above is included in the following sections:

vii



E. National Magnet Laboratory

(Director, Professor Benjamin Lax)

F. Instrumentation Laboratory

(Director, Professor C. Stark Draper)

G. Lincoln Laboratory

(Director, Professor William H. Radford)

The research program of the National Magnet Laboratory is

largely of a fundamental nature and the report covers a large portion of the

work of this laboratory. For the Instrumentation Laboratory and Lincoln

Laboratory a much greater fraction of the work is of a more applied nature

or is concerned with bridging the gap between pure research and application.

There is, in addition, in both laboratories a good deal of basic research on

the properties of materials and it is this that is included in the report.

The above division of subject matter is somewhat arbitrary since

there is a great deal of overlapping between the work in the Academic

Departments and that in the special laboratories but it seemed that this

overlapping is likely to increase rather than diminish and is part of the

interdisciplinary climate that is pervading our research and teaching.

Most of the central facilities for materials preparation and

characterization, made possible through the ARPA Contract SD-90, are

now installed and in operation in the interdisciplinary laboratory. Section

H lists these facilities and the staff associated with them. Briefly, we

have four main preparation groups each under the supervision of a professor

and dealing respectively with insulating crystals, semiconductor crystals,

metal crystals and composite materials. Facilities for cutting, polishing,

and orienting crystals are available. For characterization we have an

analytical laboratory supplemented by up-to-date spectroscopic equipment.

We also have X-ray and electron microprobe analysis together with optical

and electron microscopy. We also have special high vacuum equipment,

providing facilities for preparation in an uncontaminated environment.

One of the great advantages of a research center like MIT is that

a great many existing facilities are also available. For example there are

two spectroscopy laboratories, the Cabot Spectrographic Laboratory under

the direction of Professor W. H. Dennen of the Department of Geology and

the Spectroscopy Laboratory under the direction of Professor R. C. Lord

of the Department of Chemistry which provide a wealth of spectroscopic

experience as well as excellent facilities. Coolants for low temperature

work are provided by the Cryogenic Laboratory in the Department of

Mechanical Engineering under Professor J. g. Smith, Jr.
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The Administrative Office of the Center for Materials Science

and Engineering is now located in the Vannevar Bush Building which houses

the new interdisciplinary laboratory. This office has been responsible for

the issue of this report on behalf of the Institute. Last year approximately

4,000 copies were mailed to those who had previously indicated a desire to

have a copy and many further requests were received after issue. Requests

for additional copies of the report and requests to be placed on the mailing

list for future issues should be addressed to Mr. Elwood W. Schafer,

Administrative Officer of the Center for Materials Science and Engineering,

Room 13-2145, MIT, Cambridge, Massachusetts 02139.

In conclusion I wish to extend my thanks to all my colleagues at

MIT who have contributed to this report for their help in making it so com-

prehensive; also to Mr. E. W. Schafer and his office staff and to a number

of secretaries who have undertaken the many detailed tasks during its

assembly and preparation for publication.

R. A. Smith

Director, Center for Materiais

Science and Engineering

March 1966
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SECTION A

CHEMIC-A.L AND SOLID STATE PH-YSICS

I° SOLID STATE AND MOLECULAR THEORY GROUP

1.0 Calculations on Atoms, Molecules, and Solids

Personnel

Professor J. C. Slater, Institute Professor, Physics

Professor G. F. Koster, Professor, Physics

Professor J. H. Wood, Assistant Professor, Physics

Dr. P. D. DeCicco, DSR Staff, Physics

Dr. A. J. Freeman, Associate Director, National Magnet Laboratory

Dr. L. Gunther, DSR Staff, Physics (until September 1965)

Dr. A. Kitz, NATO Fellow from Germany

Dr. P. Ros, supported by Shell International Research

F. J. Arlinghaus, Research Assistant, Chemistry (until December 1965)

D. S. Becker, Research Assistant, Physics

D. E. Ellis, Research Assistant, Physics

R. Gilmore, Graduate Student, Physics

J. F. Kenney, Research Assistant, Physics

D. Koelling, Graduate Student, Physics

W. E. Rudge, Research Assistant, Physics

J. Sokoloff, Graduate Student, Physics



C. M. Sonnenschein,GraduateStudent,Physics
J. R. Terrall, GraduateStudent,Physics,BrandeisUniversity
JosephineShea,Secretary,Physics

Degrees Granted

F. J. Arlinghaus, Ph.D., September 1965

P. D. DeCicco, Ph.D., June 1965

C. M. Sonnenschein, Ph.D., February 1965

Sponsorship

Office of Naval Research, Nonr-1841(34), DSR 7648

National Science Foundation, NSF-GP-3241, DSR 5251

Research Report

As in preceding Annual Reports, we indicate the fields of interest

of the members of the group by indicating the titles of the contributions to the

four Quarterly Progress Reports issued during the year, namely Reports

Nos. 55, 56, 57, and 58, issued on January 15, April 15, July 15 and

October 15, 1965, respectively. We list these titles under three headings,

as follows:

Energy Band Calculations and Theory

General Solid State Phenomena

Molecular Theory and Molecular Complexes

As was indicated in the reports of the two preceding years, the activities

of the group have somewhat diminished during the past two years, as a

result of the departure of a number of members of the group. However,

as will be seen from the Personnel list, these departures have been

compensated by the arrival of several new group members. Professor Slater

was in residence with the group during the months May--August, and spent

the rest of the year at the University of Florida.

Contents of Quarterly Progress Reports Nos. 55, 56, 57 and 58:

Energy Band Calculations and Theory

F. J. Arlinghaus, Energy Bands in Beta Brass, 56

F. J°

P. D.

P. D.

J. P.

E. R.

J. C.

Arlinghaus, APW Calculations of X- Ray Scattering Factors, 58

DeCicco, Self-Consistent Energy Bands for Potassium Chloride, 56

DeCicco, Cohesive Energy of KC_, 57

Dahl and A. C. Switendiek, Energy Bands in Cuprous Oxide, 56

Keown and J. H. Wood, Energy Bands in Diamond, 55

Slater, Note on the Free-Electron Approximation, 58



SECTION A - CHEMICAL AND SOLID-STATE PHYSICS 3

J. H. Terrell, The Band Structure of Beryllium, 57

J. H. Wood, Constant Energy Surface for Gallium, 55

J. H. Wood, Constant Energy Surface for Gallium, 58

General Solid State Phenomena

L. Gunther, On the Radiation Problem and Impurity Contribution to Optical

Absorption in Alkali Halides, 55

L. Gunther, On the Observed Frequency Ratios of H- U-Centers and

D-U-Centers, 55

L. Gunther, On the Application of Statistical Mehcanics to Superfluids, 56

L. Gunther, On the Po ssibility of a Discontinuity of the Thermal

Conductivity of Superconductors at the Transition Temperature, 56

L. Gunther, Magnetic Impurity Effect on Superconductor Transition

Temperature--Extension of Nagaoka's Theory, 57

Molecular Theory and Molecular Complexes

D. E. Ellis, 3d Ion Covalency: KNiF3, 55

D. E. Ellis and P. Ros, Evaluation of Molecular Integrals, 56

D. E. Ellis and P. Ros, Symmetry Orbitals, Closed Shell Interactions,

and Crystal Field Potential for Some Molecular Clusters, 57

D. E. Ellis and P. Ros, Orbital and Potential Expansions, 58

Theses

F. J. Arlinghaus, "Augmented Plane Wave Energy Band Calculation of

X-Ray Scattering Factors. "

P. D. DeCicco, "A Modified Augmented Plane Wave Method Calculation

of Energy Bands in Potassium Chloride. "

C. M. Sonnenschein, "The Cohesive Energy of MnO."

Publications

V. Ern and A. C. Switendick, Electronic Band Structure of TiC, TiN, and

TiO, Phys. Rev. 137, A1927 (1965).

L. Gunther, On the Observed Frequency Ratio of H U-Centers and

D- U Centers, accepted for publication.

L. Gunther, Lattice-Vibration Effects Due to Impurities in an Alkali Halide,

Phys. Rev. 138, A1697 (1965).

G. F. Koster, Transition Probabilities for some ArH Laser Lines (H. Statz,

F. A. Horrigan, S. H. Koozekanani, C. L. Tang, and G. F. Koster},

J. Appl. Phys. 3_66, 2278 (1965).

P. M. Scop, Band Structure of Silver Chloride and Silver Bromide, Phys.

Rev. 139, A934 (1965).



J. C. Slater, "Quantum Theory of Molecules and Solids, Vol. 2,"

Symmetry and Energy Bands in Crystals, " McGraw-Hill Book Co. ,

Inc., New York (1965).

J. C. Slater, Space Groups and Wave-Function Symmetry in Crystals,

Rev. Mod. Phys. 37, 68 (1965).

J. C. Slater, Molecular Orbital and Heitler-London Methods, J. Chem.

Phys. 43, SII (1965).

J. C. Slater, Suggestions from Solid-State Theory Regarding Molecular

Calculations, J. Chem. Phys. 4-3, $228 (1965).
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II. STRUCTURE OF SOLIDS

BY X-RAY, NEUTRON, AND EI,ECTRON DIFFRACTION

1.0 Crystal and Surface Structure Investigations

Of Metals, Zeolites, and Other Substances

Personnel

Professor D. P. Shoemaker, Professor, Chemistry

Dr. C. B. Shoemaker, Research Associate, Chemistry

Dr. G. R. Eulenberger, Research Fellow, Chemistry

Dr. K. Seff, Research Associate, Chemistry (now at University-of

California, Los Angeles)

L. G. Feinstein, Research Assistant, Chemistry (now at Laboratoire

d'Electrostatique et de Physique du M_tal, Grenoble, France)

M. Taylor, Research Assistant, Chemistry

J. G. Keil, Research Assistant, Chemistry

Linda Bence, Secretary, Chemistry

Degrees Granted

L. G. Feinstein, Ph.D., February 1965

K. Serf, Ph.D., September 1964

Sponsorship

Army Research Office (Durham}, DA-ARO(D)-31-124-G259, DSR 9082

Humble Oil and Refining Company, DSR 8996

National Science Foundation, GP-2344, DSR 5021; GP-4977, DSR 6025

Advanced Research Projects Agency, SD 90, DSR 8883.

Research Report

1.1 X-Ray and Neutron Diffraction Studies

Of Zeolite Inclusion Complexes, and Other Substances

Personnel: Professor Shoemaker, C. B. Shoemaker, K. Serf, J. Keil

Sponsorship: Army Research Office (Durham), DA-ARO(D)-31- 124-G259,

DSR 9082



Workunderthis title hasconsistedof x-ray studiesof small
moleculesadsorbedontypeA syntheticzeolite, andalsoonsomecomplex
metalalloyphases.

Ourstudieson5AsyntheticzeolitesemptyandwithsorbatesH20,
12,SO2,Ar andXe, havebeencompletedfor morethanayearandare
awaitingpublication.

WorkontheM phase(Nb-Ni-A_,samplekindlyprovidedby
Dr. Bill Giessen,MIT) hasled to anorthorhombicstructure,with 52atoms
(ll kinds) per unit cell (a = 9.303 A, b = 16.266 A, c = 4.933 A), space

group Pnam. This structure is typical of the sigma-phase-related

structures, and has all of the expected coordination types (CNI2, 14, 15, 16).

Work on the D phase (V-Fe-Si, sample kindly provided by

Professor Paul A. Beck, University of Illinois) has led to a postulated

tetragonal structure with 56 atoms per unit cell (a = 8. 833 A, c = 8. 646 A),

space group P41212. This structure resembles the sigma-phase-related

structures but lacks CNI 5 and has some additional irregular coordinations

(ll and 13).

Work on these two phases has been hampered by lack of

sufficiently large crystals for single crystal x-ray refinement; search for

suitable crystals is in progress.

1.2 Fundamental Studies in the Field

Of Aluminas_ Molecular Sieves, and Related Materials

Personnel: Professor Shoemaker, G. R. Eulenberger, J. Keil

Sponsorship: Humble Oil and Refining Company, DSR 8996

A study is in progress to determine the positions of the protons

in the "hydrogen form" of synthetic faujasites, by neutron diffraction study

of the II and D forms. The neutron diffraction data have been obtained and

are now being interpreted.

I. 3 Low-Enerkry Electron Diffraction (LEED)

Personnel: Professor Shoemaker, M. A. Taylor, J. Keil

Sponsorship: National Science Foundation, GP-2344, DSR 5021; GP-4977,

DSR 6025; Advanced Research Projects Agency, SD 90, DSR 8883.

An apparatus has been built for obtaining LEED patterns with

atomically clean surfaces and chemisorbed monolayers. The apparatus has
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been used successfully in a study of the surface structure of vacuum-cleaved

(110) CdTe, which gave results similar to those obtained byMacRae and

Gobeli on III-V semiconductors. Work on other II-VI semiconductors is

planned. The apparatus has been dismantled to enable it to be moved to the

new Materials Center Building, and we are taking the opportunity of

rebuilding it with mechanical improvements, as well as modifications for

low temperature work. We contemplate studies of physical adsorption at

low temperatures on various metal surfaces, including {0001) Zn and

graphite. We have obtained also a Varian LEED unit which will be

available for our o_vn work, and to others in the Materials Center as a

Central Facility.

Theses

L. Feinstein, "Surface Studies by Low-Energy Electron Diffraction, "

Ph.D., 1965.

K. Serf, "The Structures of Some Sorption Complexes of Zeolite 5A, "

Ph.D., 1965.

Publications

C. B. Shoemaker, D. P. Shoemaker, and J. Mellor, "Neutron Diffraction

Studies of the Order of the Atoms in the P Phase and the

R Phase, Acta. Cryst. 18, 37 (1965}.

C. G. Shoemaker and D. P. Shoemaker, "A Ternary Alloy with

PbCt2-type Structure: TiNiSi(E), " Acta Cryst. 1-8, 900 (1965).

D. P. Shoemaker, H. Kindler, W. G. Sly, and R. C. Srivastava,

"The Crystal Structure of Cyclooctatetraenecarbocylic Acid, "

J. Am. Chem. Soc. 87, 482 (1965).

L. Feinstein and D. P. Shoemaker, "Low-Energy Electron Diffraction

Study of Vacuum-Cleaved (110)Cadmium Telluride, " Surface

Science 3, 294 (1965).

K. Serf and D. P. Shoemaker, "The Structures of Zeolite Sorption

Complexes. I. The Synthetic Zeolite 5A Framework and its

Iodine Sorption Complex, " Acta Cryst. , in press.



2.0 X-Ray Studies of Imperfections in Real Structures

Personnel

Professor B. E. Warren, Professor, Physics

P. Bodenstein, Graduate Student, Metallurgy

R. Mozzi, Graduate Student, Physics

O. Wittke, Graduate Student, Physics

Elaine Geller, Secretary (part-time)

Sponsorship

Atomic Energy Commission AT(30-I)-3020, DSR 9180.

Research Laboratory of Electronics, supported in part by the Joint Services

Electronic Program under Contract DA 36-039-AMC-03200(E),

DSR 5001.

Research Report

The x-ray study of cold work deformation from measurements

on initially ordered single crystals of Cu3Au has been completed.

A generalized treatment of multiple x-ray scattering in amorphous

materials has been developed.

A redetermination of the structure of simple glasses using the new

improvements in experimental technique and interpretation is continuing.

Publications

B. E. Warren and J. S. Clarke, "Intrepretation of the Anomalous Surface

Reflection of X-Rays," J. Appl. Phys. 36, 324 (1965).

B. E. Warren and G. Mavel, "Elimination of the Compton Component in

Amorphous Scattering," Rev. Sci. Instr. 36, 196 (1965).

B. E. Warren and P. Bodenstein, "Diffraction Pattern of Fine Particle

Carbon Blacks," Acta Cryst. 18, 282 (1965).

B. E. Warren, "X-Ray Studies of Randomness in the Copper-Gold System, "

Trans. Met. Soc. of AIME, 23___33,1902 (1965).

B. E. Warren and P. Bodenstein, "Shape of Two Dimensional Carbon

Black Reflections," Aeta Cryst., in press.



SECTION A - CHEMICAL AND SOLID-STATE PHYSICS 9

3.0 Inorganic Crystal Structure by X-Ray Diffraction

Personnel

Dr. Rose C. L. Slater, DSR Staff, Physics

N. E. Ragaini, DSR Staff, Physics

Sponsorship

National Science Foundation, NSF-GP 3241, DSR 5251

Research Report

The work this year has been a continuation of X-ray stI'uctural

studies of hydrated phosphates of trivalent elements. Specific problems,

which are in various stages of progress are:

Library research on hydrated aluminum and gallium phosphates;

laboratory crystallization experiments directed toward producing crystals

of such compounds suitable for single crystal X-ray techniques.

Collection and processing of three-dimensional X-ray diffraction

data for CrPO 4. 6 H20 crystals, and also for partially dehydrated specimens.

Calculations concerned with the deduction of the structural details

of a monoclinie form of indium phosphate dihydrate from X-ray diffraction

data. At present, only the main features of the structure have been

established, the location of some of the lighter atoms still being in

question.

Publications

Rose C. L. Mooney-Slater, "The Crystal Structure of a Hydrated Form of

Gallium Phosphate," Acta Cryst. , expected publication early 1966.
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4.0 Neutron Diffraction and Neutron Physics Studies

Personnel

Professor C. G. Shull, Professor, Physics

Professor K. W. Billman, Assistant Professor, Physics

Dr. F. A. Wedgwood, DSR Staff, Physics

Dr. G. Mazzone, DSR Staff, Physics

Mr. H. Mook, Research Assistant, Harvard University

Mr. Y. Ito, Research Assistant, Physics

Mr. R. Maglic, Research Assistant, Physics

Mr. A. Nunes, Research Assistant, Physics

Mr. C. Schneider, Research Assistant, Physics

Mr. J. Rogers, Senior Thesis Student, Physics

Mr. K. Morash, Senior Thesis Student, Physics

Mr. A. Worek, Senior Thesis Student, Physics

Mr. P. Liao, Senior Thesis Student, Physics

Mr. A. D'Addario, Instrument Technician, Physics

Degrees Granted

Mr. H. Mook, Ph.D., 1965 (Harvard University)

Mr. J. Rogers, B.S., 1965

Mr. K. Morash, B. S., 1965

Sponsorship

National Science Foundation, NSF-GP-2463, DSR 5078

U. S. Atomic Energy Commission, AT30-I-3031, DSR 9210

Research Laboratory of Electronics, supported in part by the Joint Services

Electronics Program, Contract DA 36-039-AMC-03200 (E),

DSR 5001

Advanced Research Projects Agency (Harvard University)

4. 1 Internal Magnetization in Nickel

Personnel: Professor C. G. Shull, H. A. Mook

Sponsorship: National Science Foundation and Advanced Research Projects

Agency

Research Report

Accurate measurements of the magnetic scattering amplitudes for

the first Z7 Bragg reflections of nickel have been performed using the
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polarized neutron beam technique. The measured form factor is found to

agree very well with the 3d electron, free atom factors calculated by

Freeman and Watson pro%-ided a uniform negative contribution in the spin

density is added to the 3d localized spin density. Pronounced asymmetrical

_le_t_ are found for*t'_ _r_ _ ..__ lc_._gscattering -e_ _ _ _,_ .... e_ ent o_ angle reflections _ _.

to an occupancy of 81 e 1 per cent of the 3d electrons in T2g orbitals

compared to 60 per cent characteristic of spherical symmetry. Such an

orbital composition implies a strong concentration of the d electrons along

the space diagonal directions in the cubic crystal. Direct Fourier

transformation of the amplitudes has also been performed by machine

computation, leading to the display of internal magnetization, or magnetic

spin density, throughout the unit cell volume. This analysis procedure

makes no use of theoretical wave functions and yields information independent

of the form factor analysis. Again the magnetization maps show a

pronounced concentration of the d-shell spin density in the diagonal

directions and in addition, a small negative density (corresponding to about

1 kilogauss magnetization) in regions between the nickel atoms. The latter

is obtained by averaging the spin density over small cubic volumes whose

size is large enough to average over the series termination diffraction

effects. The origin of the negative magnetization component is not

settled; it may arise from negativeiy polarized 4s electrons or from a

suitable, modified spin distribution among the d electrons. These

anomalous results for nickel are similar to those previously found for iron

and hexagonal cobalt. The nickel results suggest the total magnetization of

0.606 Bohr magnetons/atom to be distributed as follows: + 0.656 _B 3d spin,

+ 0. 055 _B 3d orbital, and - 0. 105 _B uniform magnetization.

4.2 Internal Magnetization in Iron

Personnel: Professor C. G. Shull, H. A. Mook

Sponsorship: National Science Foundation and Advanced Research Projects

Agency

Research Report

Further analysis of the Fourier transformed magnetic scattering

amplitudes for iron has been carried out, with particular emphasis on the

magnetization distribution in the overlap regions between the iron atoms in

the unit eeli. This has shown a negative magnetization of value up to 1. 8

kilogauss distributed in a series of interlocking rings. Each ring is of

diameter ao/2 and is centered at the (10 0) position with its plane being
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perpendicular to the bond axis extending from (000) to (100). There is some

variation of the negative magnetization within the ring. It is estimated that

as much as 35 per cent of the unit cell volume is characterized by this

negative ring structure. The interpretation of this interatom magnetization

is uncertain in the same sense as for the above nickel results.

4.3 Collinearity in the Unit Cell Magnetization

Of the Ferromagnetic Transition Elements

Personnel: Professor C. G. Shull, G. Mazzone

Sponsorship: National Science Foundation

Research Report

It has been suggested by M. Blume that the atomic magnetization

within the ferromagnetic transition elements may not be collinear

throughout the atomic volume. It is known that interatom helical magnetic

structures exist in some of the rare earth ferromagnetic elements and the

question is raised as to whether such complicated structure might not be

present on an intra-atomic scale. In principle this can be established by

studying the polarization of the Bragg reflected neutrons with the incident

neutrons being completely polarized. We have started experimentation in

this direction with the polarization analysis being performed by Bragg

reflection from an analyzing crystal. Since the experiment involves triple

scattering of a neutron beam, the intensities to be measured are quite

small. At the present time the (If0) reflection from a cobalt crystal is

being studied.

4.4 Electrical Neutrality of the Neutron

Personnel: Professors C. G. Shull and K. W. Billman; F. A. Wedgwood

Sponsorship: National Science Foundation and Joint Services Electronics

Program

Research Report

An experiment in which the angular deflection of a slow neutron

beam caused by a transverse electric field is sensed has yielded a new value

for the upper limit of the neutron's electric charge. The deflecting electric

field, with field strengths as high as 225,000 volts/cm, is positioned

between two matched, perfect crystals of silicon on a double crystal

spectrometer. Any angular deflection of the beam between the crystals will
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shift the rocking curve of the second crystal and this can be detected with

very high sensitivity by intensity measurement in the high slope region of the

rocking curve. With long period intensity measurement, it was possible to

attain an angular sensitivity of 0. 001 seconds of arc and this was checked by

measuring the refractive bending of a neutron beam by a small angle

aluminum prism. Data were collected over a four-month period for

different field strengths and on both sides of the rocking curve (this reverses

the sign of a true electric charge effect} and upon statistical analysis the

........... I0 -18,,eu_u, _l_L g_ value of - z. 0 + 3.8" elecLron charges was obtained.

This is zero within the standard error. The upper limit of 6- 10 -18 electron

charges for the neutron charge represents a reduction in this quantity of

about six orders of magnitude compared to previous experimental

determinations.

4. 5 Electron Spin-Pairing in Superconducting V3Si

Personnel: Professor C. G. Shall. F. A. Wedgwood

Sponsorship: Atomic Energy Commission

Research Report

A study of the polarized neutron scattering by V3Si has been

carried out which has served to identify the source of the electronic

susceptibility in this material and its modification in passing through the

superconducting transition. Measurements of the coherent magnetic

scattering induced by an externally applied magnetic field has shown the

magnetic susceptibility of V3Si at room temperature to arise about equally

from vanadium 3d spin polarization and from 3d orbital polarization. At low

temperatures below the superconducting transition of 16. 8°K, the spin part

is found to disappear leaving the orbital part unchanged. Corrections for

neutron spin-neutron orbit scattering, partial field penetration into the

superconducting crystal and for nuclear polarization at vanadium sites were

evaluated and allowed for in extracting the electronic scattering effects.

Since modern theories of superconducting envisage a spin pairing interaction

among the superconducting electrons, it follows that the spin-pairing

established among the localized vanadium 3d electrons by the neutron

diffraction measurements must be intimately associated with the

phenomena.
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4.6 Nuclear Polarization in Cobalt

Personnel: Y. Ito

Sponsorship: Atomic Energy Commission

Research Report

Studies have started in determining the degree of nuclear

polarization in elemental cobalt arising from the interaction with the

hyperfine field at low temperatures. Since the nuclear scattering of

neutrons by cobalt is spin dependent it is hoped to determine the nuclear

spin-state scattering amplitudes by studying the Bragg reflected intensity

from crystals maintained at temperatures in the 2°K temperature region.

At present, spin state scattering information is available on only two nuclei,

namely hydrogen and vanadium, and this should supply useful nuclear physics

information. In the experiments it is necessary to separate the nuclear

effects from the electronic scattering effects and this will be done by

studying the form factor dependence and the temperature dependence.

Present results obtained on the (220) cobalt reflection have resulted in about

a 5 per cent intensity effect arising from the nuclear polarization at 2. 2°K

and this can be measured fairly accurately. Other reflections will be studied

at various temperatures which will supply information on the crystalline

isotropy of the hyperfine field.

4. 7 Effect of Crystal Motion on Bragg Scattering

Personnel: J. Rogers and K. Morash

Sponsorship: National Science Foundation

Research Report

If a crystal is given translational motion it is expected by

calculation that the crystal must be reoriented relative to the incident beam

direction in order to maintain Bragg reflection. This arises because of

combined Doppler shifting and velocity aberration. Experiments have been

performed with a NaC_ crystal which was given translational speeds up to

22. 8 m/sec compared to a neutron speed of about 2000 m/sec and these have

served to demonstrate the expected effects. It was found that the crystal

had to be reoriented relative to the stationary case by angles as large as

45 minutes of arc which could be measured very easily. Effects on the

integrated intensity and peak width were also explored.
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4.8 Effect of Specimen Motion on Bragg-Cut-off Edge

Personnel: K. Morash and J. Rogers

Sponsorship: National Science Foundation

Research Report

When low energy neutrons are passed through a poly-crystalline

material it is found that the cross section falls abruptly to a small value

(in the absence of neutron capture _ll_cL_j' when the neutron wavelength

becomes long enough that Bragg scattering can no longer occur. The effect

of specimen motion on this cut-off has been studied with an iron disk which

in rotation could provide translational speed to an illuminated area near the

periphery. The Bragg cut-off wavelength is at 4. 04 _ and it was found that

this could be shifted by 10 per cent in either direction with specimen speeds

of 96 m/sec. Such a system may have usefulness as a neutron band filter

with an adjustable wavelength band width.

Theses

Mr. H. Mook, Ph.D., 1965 (Harvard University)

Mr. J. Rogers, B. S., 1965

Mr. K. Morash, B. S., 1965

Pub_ca_ons

W. C. Phillips,

H.

C°

"Magnetization Distribution in a Palladium-Rich FePd

Alloy," Phys. Rev. 138, A1649 (1965).

A. Mook and C. G. Shull, "Magnetic Moment Distribution in Nickel

Metal, " Proceedings of Eleventh Conference on Magnetism and

Magnetic Materials, San Francisco, 1965.

G. Shull and H. A. Mook, "Distribution of Internal Magnetization in Iron,

Phys. Rev. Letters 166, 184 (1966).
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5.0 Molecular Structure of Biological Systems

Personnel

Professor A. Rich, Professor of Biophysics, Biology

Dr. M. Becker, Research Associate, Biology

Dr. G. Giannoni, Research Associate, Biology

Dr. E. Kuechler, Research Associate, Biology

Dr. L. Malkin, Research Associate, Biology

Dr. E. Meyer, Research Associate, Biology

Dr. B. Morton, Research Associate, Biology

Dr. E. O'Brien, Research Associate, Biology

Dr. H. Voorma, Research Associate, Biology

Dr. P. Zubkoff, Research Associate, Biology

F. Cahn, Graduate Student, Biology

E. F. Eikenberry, Graduate Student, Biology

P. Flessel, Graduate Student, Biology

H. Friedman, Graduate Student, Biology

M. Klagsbrun, Graduate Student, Biology

P. Lu, Graduate Student, Biology

P. Ralph, Graduate Student, Biology

M. Shulman, Graduate Student, Biology

B. Heekard, Secretary, Biology

Sponsorship

National Institutes of Health, CA-14186-16, DSR 8916

National Science Foundation, GB-1370, DSR 9403

American Cancer Society, Grant-in-Aid E-247, DSR 9515

Research Report

The Laboratory of Molecular Structure in the Biology Department

has as a major part of its program the determination of the molecular

structure of biological systems. The main research tool in these

investigations is x-ray diffraction analysis. In addition, many investigations

are also supplemented by a variety of other physical ehemical techniques.
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5.1 The Molecular Structure of Nucleic Acid Components

Research Report

We have in progress a program of analyzing the crystal structure

of purines and pyrimidines. These substitutents are made with methyl

groups attached to the nitrogen atoms which are normally connected to the

sugar units in the nucleic acid polymer. By this means we ensure that the

molecule has the same tautomeric form as that found in the nucleic acids.

We have also carried out structure determinations of heavy metal salts of

these derivatives. However, most interest at the present time is directed

IDwards determining the molecular structure of intermolecular complexes of

purine and pyrimidine derivatives, including nucleotide complexes. Major

attention in all of these studies is focused on the proton positions and

hydrogen bonding potentialities exhibited by these residues. For biological

purposes, these are of paramount importance.

5.2 X-ray Diffraction Studies on the Molecular Structure

Of Polynucleotides and Nucleic Acids

Research Report

A variety of x-ray diffraction investigations are being carried out to

learn more about the molecular structure of large molecular components of

biological systems. Several synthetic polynucleotides are being examined by

x-ray diffraction methods.

5.3 The Molecular Organization of Protein Synthesizing Systems

Research Report

A variety of investigations have been oriented towards elucidating

the mechanisms which Nature used in synthesizing proteins. On the

molecular level, this is the problem of uncovering the way in which a

sequency of nucleotide bases is related to the sequency of amino acids which

determine the structure and function of the protein molecule. Protein

synthesis is carried out in a cluster of ribosomal units held together by

messenger RNA. It is believed that these ribosomes attach at one end of the

messenger RNA molecule and read off the information contained in the

nucleotide sequence of the messenger RNA by gradually moving along the

messenger strand and building up the polypeptide chain at the same time.

Thus, in many respects this information transferring reaction operates as if

it were digitilized, in the sense that a linear nucleotide series is "read" by
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series of sequentially related chemical reactions going along the polymer

molecule. Several of these synthesizing units (ribosomes) are active at the

same time, thereby suggesting that the synthetic process is very similar

to assembly line procedures used in industrial manufacturing.

Publications

K. A. Hartman, Jr., and A. Rich, "The Tautomeric Form of Helical

Polyribocytidylic Acid," J. Am. Chem. Soc., 87, 2033 (1965).

A. E. V. Haschemeyer and H. M. Sobell, "The Crystal Structure of a

Hydrogen Bonded Complex of Deoxygaunosine and

5-Bromodeoxycytidine," Acta Cryst. I__99, 125 (1965)

A. Rich, "Evolutionary Problems in the Synthesis of Proteins, " in

Evolving Genes and Proteins, ed. by V. Bryson and H. J. Vogel,

Academic Press, Inc., New York, 453 (1965).

E. F. Eikenberry and A. Rich, "The Direction of Re.ading Messenger RNA

During Protein Synthesis," Proc. Nat. Acad. Sci. 53, 669 (1965).

A. E. V. Haschemeyer and H. M. Sobell, "The Crystal Structure of a

Hydrogen Bonded Complex of Adenosine and 5-Bromouridine,"

Acta Cryst. 18, 525 (1965).

A. Rich, "The Translation of Genetic Information into Proteins on

Polyribosomes, " in Nucleic Acids, C. S. I. R.O. , New Delhi, India,

290 (1965).

Y. Kiho and A. Rich, "A Polycistronic Messenger RNA Associated with

p-Galactosidase Induction," Proc. Nat. Acad. Sci. 54, 1751(1965).

L. Katz, K. Tomita and A. Rich, "The Molecular Structure of the

Crystalline Complex Ethyladenine : Methyl- Bromouracil, "

J. Mol. Biol. 13, 340 (1965).

R. M. Hamlin, Jr., R. C. Lord and A. Rich, "Hydrogen Bonded Dimers

of Adenine and Uracil Derivatives, Science 148, 1734 (1965).

A. Rich, "Molecular Biology, " in Encyclopedia of Science, 54cGraw-Hill,

New York (1965).

A. Rich, "The Structural Basis for Protein Synthesis, " in Molecular

Organization and Bidlogical Function, " ed. by J. Allen,

McGraw-Hill, New York (1965).

L. Katz, K. Tomita and A. Rich, "The Crystal Structure of the

Intermolecular Complex 9-Ethyladenine: 1-Methyl-5-Bromouracil,

Acta Cryst. (in press).
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II1. LOW TEMPERATURE

AND THERMAL PROPERTIES OF MATTER

1.0 Low Temperature Physics

Personnel

Professor J. F. Cochran, Assistant Prolessor, Physics (now at

Simon Fraser University, Burnaby, British Columbia)

Dr. C. A. Shiffman, DSR Staff, Materials Center

Dr. J. E. Neighbor, DSR Staff, Materials Center

R. C. Williamson, Teaching Assistant, Physics

T. P. Sheahen, Research Assistant, Physics

W. D. Gregory, Research Assistant, Physics

J. McWane, Research Assistant, Physics

P. Haberland, Research Assistant, Physics

M. Greenebaurn, Research Assistant, Physics

R. S. Newbower, Senior, Physics

T. Oversluizen, Engineering Assistant

Lucy Sloan, Secretary

Degrees Granted

J. E. Neighbor, Ph.D., February 1965.

J. McWane, M. Sc., June 1965.

R. S. Newbower, B.S., June 1965.

P. H. Haberland, M. Sc., February 1966.

Sponsorship

Advanced Research Projects Agency, SD 90, DSR 8880, DSR 5101.
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i. i The Specific Heat of Metals and Alloys at Low Temperatures

i. i. i The Continuous Warming Method

Personnel: Professor J. F. Cochran, C. A. Shiffman, J. E. Neighbor

Research Report

In the continuous warming method of specific heat measurement

one applies heat continuously and uses the specimen thermometer to

trigger a clock when preset values of temperature are reached. In the

past year we have completed a theoretical analysis of the sources of

error involved in this technique. We have combined this with examples

drawn from experiments on lead, mercury, and gallium to make a

comprehensive summary of our experience with the method over the last

few years. The analysis deals extensively with certain aspects of the

measurements which have special significance when continuous warming

method is used, for example, the stray heat correction and the effects

of finite thermal and electrical time constants. We have been able to put

upper bounds on the errors which stem from the transients introduced

when the thermometer bridge is switched. The formalism shows how the

error is related to a combination of a random factor which depends on the

time at which the operator switched the bridge, and a systematic term

which depends on the fractional increase in the time interval from one

interval to the next. We have also examined the consequences of finite

bandwidth in the thermometer circuits in the measurement of small heat

capacities. The calculations show that if a certain scatter in the data is

required, there is a minimum value of the heat capacity which can be

measured to that precision. The value of the minimum depends on the

uncertainty in the stray heat and on the noise in the thermometer circuits.

The results of these calculations are borne out by the data on Pb,

Hg, and Ga in the range from 0. 8 to 8°K. We conclude that the method

and apparatus we have developed are capable of measurements with an

accuracy of 0. I{ and an internal consistency of 0.03_, even when the

temperature intervals are l_ of the absolute temperature. To achieve

this one must have a specimen weighing a few tenths of a mole for a

typical non-transition metal and a few moles for an insulator with Debye

temperature in the Z--300°K ra_ige.
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i. I. 2 The Specific Heat of Gallium

Personnel: Professor J. F. Cochran, T. Sheahen, W. D. Gregory

Research Report

A new cryostat was designed and built this year to replace the

Helium-3 apparatus we have been using for the past few years. The new

machine is intended as a general purpose cryostat for use in the range from

0.8 to 10°K, but the experlmentai chamber was tailored to fit the immediate

needs of the specific heat program and the transition shift experiments

described below. The principal features of the cryostat are an improved

mechanical switch, the use of a He 3 vapor bulb for thermometry, the

installation of an adiabatic guard ring, and the provision for the use of the

critical field of gallium as a secondary standard in the calibration of carbon

and germanium resistance thermometers. This last feature made it

possible to eliminate a second vacuum space, which resulted in a great

simplification in the design.

A measurement of the specific heat of Ga in the range from

0.8 to 4. 7°K has been completed and the results are in the process of being

analyzed. Two techniques were employed: (I) the continuous warming

method described above, and (2) a very high resolution modification for

examining the normal-superconducting transition in great detail. The

early stages of the analysis show that the jump in heat capacity at the

transition is 0. 925 mj/mole-°K, in good agreement with the value found by

Keesonn and Seidel, but a few per cent off from Phillips' recent

determination. The BCS theory predicts 0.93 for an isotropic interaction

in the weak-coupling limit. It would appear that the complicated and

strongly anisotropic Fermi surface of gallium does not have an important

effect, in this context at least. We have been able to set an upper limit

on the transition width determined calorirnetrically. We find that the

transition is complete in less than 10 -4 degrees, which is an order of

magnitude larger than the width determined from the magnetic susceptibility,

reported by Gregory later in this report. Whether this discrepancy

represents the "window-effect" in the specific heat measurement, or a

surface effect in the susceptibility experiment is still to be determined.

A by-product of these experiments is the discovery that the

specific heat of encapsulated germanium thermometers shows a

discontinuity of 0. 86 mj/°K at I. 55°K. We have attributed this to a

modified _ anomaly in the unsaturated helium film which is formed by the

condensation of the exchange gas.
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i. 2 Electron Kinetics in Very Pure Metals

1.2.1 Geometric Resonance (Gantmakher Resonance)

And the Fermi Surface

Personnel: Professor J. F. Cochran, C. A. Shiffman, P. Haberland

Research Report

When the orbits corresponding to extremal cross sections of the

Fermi surface are adjusted to fit the confines of a specimen, a condition

known as geometric, or Gantmakher, resonance occurs. The resonance

is brought about by adjusting a d. c. magnetic field so that the orbit size,

given by pc/ell is equal to the specimen thickness. It is detected by a

sudden change in the surface impedance to a weak r.f. field. The momentum,

p, is the "diameter" of the extremal cross section perpendicular to the field,

and in a direction parallel to the specimen surface. We have examined

this effect in gallium single crystals of very high purity. Our technique

involves mounting the specimen in the tank-coil of an r.f. oscillator,

modulating the d.c. field at low audio frequencies, and detecting the

frequency modulation of the oscillator with a conventional discriminator

circuit. The investigation falls into two parts: (I) the measurement of the

size and temperature dependences of the resonances for the principal

orientations of the crystallographic axes relative to the field, and (2)

the measurement of resonance fields at many intermediate orientations at

essentially one temperature. Our results for the principal orientations

show that the resonance field varies inversely with specimen thickness,

in agreement with theory. We also find that the amplitudes of the

resonances can be fitted to an exponential function of the temperature,

which suggests a straightforward dependence on the mean free path.

However, the theoretical situation is sufficiently complicated and the data

insufficiently detailed to allow us to deduce the temperature dependence

of the mean free path from these experiments.

The measurements at intermediate orientations were

accomplished by growing thin circular single crystals to allow rotation of

the crystal within the fixed tank-coil of the oscillator. The extremal

dimensions of the Fermi surface were mapped out by observing resonances

every two degrees of rotation in specimens with first one, then another

principal axis perpendicular to the field. In all, six crystals were

examined and a large number of resonances were found. Some of these

were strong enough to be seen directly in a measurement of the surface
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impedancevs. field, as well as by the derivative technique. We are now in

the process of analyzing these data in the light of the recent band-structure

calculations of Wood. We have been able to identify several families of

resonances with pieces of Wood's Fermi-surface with a fair degree of

numerical agreement. In addition, we have shown that there are small

tube-like pieces which may provide the explanation for certain open orbits

found in magneto resistance measurements which are not accounted for in

Wood's calculation. A final disposition of this question depends on a more

detailed analysis of the dependence of resonance strength on orientation,

which is in progress.

I. 2.2 The Anomalous Skin Depth in Weak d.c. Magnetic Fields

Personnel: Professor J. F. Cochran, C. A. Shiffman

Research Report

The apparatus described above has been used to examine non-

resonant changes in the r.f. skin depth in d. c. magnetic fields up to

1400 gauss. The frequency range used ran from 0.25 to 2 mcs. The

results can be summarized as follows. The application of a d. c.

magnetic field parallel to the specimen surface and to the r.f. field causes

a reduction of the skin depth for fields up to about 100 gauss and up to

as much as 1400 gauss in some cases. The details depend on the

temperature and the crystallographic orientation. Near l°K the effect

is very large, a field of a few hundred gauss reducing the skin depth by

as much as 2 x 10 -4 cm. The initial rate of decrease with field is

extremely abrupt. The maximum rate of change occurs at fields between

0.05 and 0.8 gauss, the exact value depending on orientation and

temperature. The orientation dependence of the peak in the derivative

with field is complicated (for one orientation there is a small increase

in skin depth before the sharp decrease}, but the temperature dependence

suggests that a simple function of the mean free path is involved. For

fields greater than about 10 gauss the measurements become very

sensitive to misalignment of the field relative to the specimen surface. We

can easily detect a 10 -4 radian misalignment, and in some cases a 1/2

degree shift is enough to change the sign of the change in skin depth at

fields of a few hundred gauss.

We have recently extended these measurements to include a

determination of the absolute value of the skin depth for various

orientations. This is done by observing the shift in frequency of the
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oscillatorwhenthespeeomenis cooledthroughits superconducting
transition. Themeasurementshavebeenrestricted to fields parallel to
theprincipalaxessofar, butalreadyshowthatthereis nosimple
relationbetweentheanisotropyin theskindepthandthed.c. conductivity
tensor,asonewouldexpect.

All of theseremarksapplyin thelimit of zeror.f. magnetic
field strength. If oneincreasesther.f. field beyondafewtenthsof a
gaussthelowd.c. field behaviourof theskindepthchangesin a regular
butlargelyunexplainedway. Newpeaksin thederivativeappear,with
bothsigns,andsomedisappear,andall thepeaksshift in amonotone
fashionto higherd.c. fields. Wehaveshownthatto someextentthese
phenomenarepresenta convolutionof thed.c. andr.f. fields, butmany
ofthedetailscannotbeexplainedin sucha simple-mindedway.

i. 2. 3 ]Bulk Resistivity in Gallium

Personnel: Professor J. F. Cochran, J. E. Neighbor, J. McWane,

R. Newbower

Research Report

The aim of this project is to determine the temperature dependence

of electrical resistivity, p, in large single-crystals of very pure gallium,

below about 10°K. Previous measurements using conventional d. c.

techniques, made in this laboratory and elsewhere, have been complicated

by two factors: (1) The bulk mean free path of charge carriers in the

purest available gallium can approach l cm. For samples of this order of

size or smaller, the effective mean free path is determined largely by

surface scattering, and in such cases the transport properties are strongly

affected by specimen geometry. (2) In the large crystals which are

required to minimize size effects, large currents must be used to obtain

measureable voltage drops. Magnetic fields associated with the currents

result in serious magnetoresistive and magnetomorphie perturbations of the

measured resistance.

To circumvent these difficulties in part, we have undertaken a series

of measurements based on the time decay of eddy currents. In this technique

a cylindrical specimen is placed in a uniform longitudinal magnetic field. If

the field is suddenly switched off, eddy currents are reduced which decay at a

rate determined by the resistivity and the sample dimensions. The voltage

induced in a pickup coil wound closely about the specimen ultimately has an

exponential time dependence with decay constant proportional to p. This
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method of determining resistivity has several advantages: (i) No electrical

connections need to be made to the sample. (2) The voltage generated in a

given coil is a function of p only, not of the sample size. Hence larger

samples do not imply smaller voltages. (3) By using a coil with many turns,

one can obtain measureable voltages without necessarily generating large

magnetic fields in the sample.

On the other hand, the method has two main drawbacks: (1) In

anisotropic materials such as gallium, the effective resistivity, Pe' for

eddy-current decay is an average of values taken over the closed current

paths. We have shown that this average is simple for samples of square

cross-section with edges parallel to the principal axes of the conductivity

tensor. In this case Pe = 1/2(PA + PB )' where A and B are the principal

axes normal to the external field direction. (2) For a given size of

sample, size-effects are more important than with d. c. measurements

because the electric fields vary appreciably in distances comparable to

the mean free path. As remarked above, it is nonetheless easy to correct

for size effects by going to large samples.

We have started to prepare single crystals with square cross

sections varying in area from 16 cm 2 to 10 -2 cm 2. The larger specimens

will have decay times which are long enough that the coil signals can be

recorded on a conventional strip chart recorder. We have developed

a chopper-amplifier system to bring the voltages up to suitable levels.

For the small specimens the decay will be too fast, and we have developed

a low frequency sampling circuit which makes it possible to record these

signals on an X-Y recorder. The system has been tested on a crystal

l0 cm long by l cm square, whose C-axis was parallel to the long

dimension (within 0. 3o). Our results show that we can measure Pe to

about l _ even when it is of the order of l0 -l l ohm-era and when the

magnetic field on the specimen is no more than one gauss.

As an alternative to the eddy-current decay method an apparatus

for measuring extremely low voltages (10-1 1 __ 10-2volts)has been

developed using a superconducting galvanometer as the null instrument in

a Lindeck circuit. The galvanometer is a taut suspension device wound

of 2 mil NbZr wire and operating in the field of a superconducting

electromagnet. Connections to the Pb leads of the Lindeck circuit are
-ll

made by spot welding to the Nb side of low resistance ( < I0 fz) Nb-Pb

junctions developed for this purpose with the assistance of Professor Wulff's

group. The prohibitively long time constant (I03--I04 sec) usually

associated with superconducting galvanometers is reduced to a practical

l--10 sec by a feedback system. This maintains the voltage balance by
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opticallydetectinganymotionof thegalvanometercoil, electronically
amplifyingthesignalandfeedingbacka compensationcurrentthrougha
knownresistor.

Thesystemhasbeenusedsuccessfullyto measurevoltagesof
-ll

about10 voltswitha responsetime of 4 secandis readilyadaptable
toanylowvoltagemeasurementin whichlow resistanceconnectionscan
bemade. Mechanicalvibrationscurrentlylimit lowervoltagedetection
andplansarebeingmadeto improvethis.

i. 3 The Superconducting Transition in Very Pure Metals

Personnel: Professor J. F. Coehran, W. D. Gregory, T. Sheahen

Research Report

During the past year apparatus was developed for the measurement

of the change in susceptibility at the transition point of _zery thin single

crystals of pure, soft superconductors. A very sensitive mutual inductance

method was used. A change in mutual inductance corresponding to 3_ of the

total change at the transition could be detected with a measuring field of 0. 01

gauss and with a specimen 0. 001" thick by i/4" on a side. This technique

has been used to study the superconducting transition in very pure samples

of Ga, Pb, and In. The following results have been obtained: (1) No

dependence of T c on specimen thickness was observed for thin single crystal

plates of Ga. 21 samples were used with one or another of the three

crystallographic axes parallel to the thin dimension. The sample thickness

ranged from 0.001" to 0.010". A similar measurement of 0. g rail In foil

showed at _Tc/_(i/d) = 1.16 × 10 -6 °K--cm, in agreement with a previous

experiment on In foils by Lynton and ManLachlan. (2) The critical field

curve of Ga was measured for the first time against the He 3 vapor pressure

scale in the range above 0.82°K. The result was H c = I00.86(I - T/Tc)2

(gauss) while T c = i. 0833 ± .0005 OK. (3) Supercooling was observed in Ga,

Pb and In. For the first time this measurement was done by reducing the

temperature in constant field. The value of the Ginsburg-Landau parameter,

kappa, obtained for Ga from this data agrees within 15 _ with that of Cochran

and Mapother taken in constant temperature and varying field. We find

kappa = 0.585. (4) The superconducting transition in 1/16" square by

l -55-I/2" long single crystals of Ga was found to be no greater than 0 degrees

wide with the limit determined by the ability to control temperature. Similarly

shaped annealed polycrystals of Pb and In showed transition widths of

6 x 10 -4 OK and 5 x 10 -4 OK respectively.
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Theses

J. E. Neighbor, "The Superconducting Transition in Pure Lead, " Ph.D.

Thesis, Department of Physics, February 1965.

J. W. McWane, "The Construction of a Superconducting Galvanometer, "

M. Sc. Thesis, Department of Physics, June 1965.

P. H. Haberland, "Gantmakher Resonances in Gallium, " M. Sc. Thesis,

Department of Physics, February 1966.

R. S. Newbower, "Low Temperature Resistivity of Pure Gallium Single

Crystals, " B. S. Thesis, Department of Physics, June 1965.

Publications

M. Yaqub and J. F. Cochran, "Mean Free Path of Electrons and

Magnetomorphic Effects in Small Single Crystals of Gallium, "

Phys. Rev. 137, A i182 (1965).

J. F. Cochran and M. Yaqub, "Mean Free Path of Electrons and

Magnetomorphic Effects in Small Single Crystals of Gallium, II, "

Phys. Rev. A 2174 (1965).

J. E. Neighbor, J. F. Cochran and C. A. Shiffrnan, "The

Superconducting Transition Width in Pure Lead, " Proceedings of the

Ninth International Conference on Low Temperature Physics,

New York, Pergamon Press, 1965.

J. F. Cochran and C. A. Shift_man, "Magnetic Field Dependence of the

R.F. Skin Depth of Gallium," Phys. Rev. 140, A 1678 (1965).

J. E. Neighbor, "Leads Power in Calorimetry, " accepted for publication by

Review of Scientific Instruments.

J. F. Cochran, C. A. Shiffman, and J. E. Neighbor, "Specific Heat

Measurement in the I to 10°K Range Using the Continuous

Warming Method, " accepted for publication by Review of

Scientific Instruments.
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2.0 Ultrasonic Investigation of Solids

Personnel

Professor C. W. Garland, Associate Professor, Chemistry

P. E. Mueller, Graduate Student, Chemistry

R. H. Renard, Research Assistant, Chemistry

N. E. Schumaker, Research Assistant, Chemistry

D. D. Snyder, Graduate Student, Chemistry

C. F. Yarnell, Research Assistant, Chemistry

R. A. Young, Research Assistant, Chemistry

Degrees Granted

R. H. Renard, Ph.D., Chemistry, June 1965

N. E. Schumaker, S.M., Chemistry, September 1965

C. F. Yarnell, Ph.D., Chemistry, June 1965

Sponsorship

Advanced Research Projects Agency, SD 90, DSR 5104, DSR 8880.

Research Laboratory of Electronics, supported by the Joint Services

Electronics Program under Contract DA 36-039-AMC-03g00(E).

Research Report

During the past year, a considerable amount of work has been

completed on the study of ammonium chloride and ammonium bromide single

crystals. Very precise ultrasonic velocities have been measured for both

crystals as functions of pressure from 0 to 12 kbar at temperatures from

g50 to 315°K and as functions of temperature from_ I00 to 3g0°K at 1 atm.

In addition, ultrasonic attenuation data and infrared spectra have been

obtained on NH4C_ near its _ point at 243°K.

The mechanical properties of a compressible Ising model have

been investigated, and explicit expressions for the effect of ordering on

the elastic constants of a cubic crystal have been derived. These theoretical

predictions are in excellent agreement with the behavior of the constant-

volume elastic constants of NH4CL (Such constant-volume stiffnesses

differ significantly from those at constant pressure, especially near the

point. ) In effect, a new approach to the study of order-disorder

phenomena has been developed and exploited in a favorable case. Close

to the critical temperature for ordering in NH4C_, we have also observed

a distinct hysteresis (_ 0. 8°K at 1 atm) and strong indications of a

first-order transition. Quite general theoretical conditions have been
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established which predict the mechanical instability of an Ising model near

its critical point. Very recently, we have made new measurements on the

ultrasonic attenuation close to T), and these data confirm the hysteresis and

instability. Thus, we conclude that NH4C_ (and many other order-disorder

crystals) may not undergo a pure lambda-type transition.

The work on NH4BR has so far been confined largely to the

disordered phase away from the lambda line, and our data thus represent the

first determination of the elastic constants of a "normal" CsCl-type crystal

as a function of pressure. At 1 arm, shear velocities associated with c44

were measured down to 105°K, but the longitudinal velocities could not

be measured below the k at 235°K due to domain scattering in the tetragonal-

ordered phase. The ordering in NH4Br is related to but more complicated

than that in NH4Cf; thus a simple Ising model is no longer adequate.

High-pressure experimental work on NH4Br is currently being extended to

much lower temperatures in order to cover the interesting region from

100 to 235°K. Domain alignment in the tetragonal phase will also be

attempted.

New ultrasonic work is beginning on two other systems--quartz

near its a-_ "lmnbda" transition at 847°K and xenon near its liquid-vapor

critical point. In the case of the quartz transition, a cooperative change

in the lattice network structure is involved, and there is reason to believe

that this lambda transition may show a first-order character. In both these

new systems, attenuation measurements are planned to provide an insight

into the dynamical relaxation behavior near critical points.

Exploratory work on the IR spectrum of NH4C_ as a function of

temperature has revealed several new features: the binary overtone of the

v 6 librational mode was discovered; intensity variations in the v 4 band

were observed and correlated with the extent of disorder (which breaks down

the translational lattice symmetry}; many new bands were found which

relate to the simultaneous excitation of an exeiton and a phonon. New work

of a similar exploratory nature is beginning on the borochydrides, and a

more extensive study of the IR spectra of order-disorder systems is planned

for the future.

Theses

Remi H. Renard, "Pressure and Temperature Dependence of the Elastic

Constants of Ammonium Chloride Near the Lambda Transition, "

Ph.D. Thesis, Department of Chemistry, MIT, May 1965.
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C. Fred Yarnell, "The Temperature and Pressure Dependence of the
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Department of Chemistry, MIT, June 1965.

Norman E. Sehumaker, "Infrared Spectrum of Ammonium Chloride as a

Function of Temperature," S.M. Thesis, Department of Chemistry,

MIT, September 1965.
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J. Phys. Chem. 6_9, 1188 (1965).
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J. Phys. Chem. 6__99,1195 (1965).

C. W. Garland, S. Tong, and W. H. Stockmayer, "Diffusion in the System

Cadmium Iodide-Water," J. Phys. Chem. 6__99,1718 (1965).

C. W. GarXand, S. Tong, and W. H. Stockmayer, "Diffusion of Chloroacetic

Acid in Water," J. Phys. Chem. 69, 2469 (1965).
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Chloride," J. Chem. Phys. 4_ZZ,4194 (1965).
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Disorder Trandition in Ammonium Chloride, " Proc. of Conf. on

Critical Point Phenomena, Washington, D. C., April 1965

(in press).

C. W. Garland and R. Renard, "Order-Disorder Phenomena I: Instability

and Hysteresis in an Ising Model Near its Critical Point, "

J. Chem. Phys. (in press).

R. Renard and C. W. Garland, "Order-Disorder Phenomena If: Elastic

Constants of a Two-Dimensional Ising Model, " J. Chem. Phys.

(in press).

C. W. Garland and R. Renard, "Order-Disorder Phenomena III: Effect of

Temperature and Pressure on the Elastic Constants of Ammonium

Chloride," J. Chem. Phys. (in press).
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IV. OPTICAL, MICROWAVE AND RADIOFREQUENCY PHYSICS

1.0 Molecular Spectroscopy
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DSR 4932.
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I. I. 0 Studies in Far Infrared Spectroscopy

i.i.i Investigation of Molecules

With Strongly Anharmonic Potential Functions

Research Report

Our work on four-membered-ring compounds was extended to the

following molecules: i, l-difluoroeyclobutane (study completed),

l, l-difluorocyclobutane-2, 2, 4, 4-d 4 (study under way), 3,3-difluoro-oxetane

(study under way), and oxetane-3-one (study completed). In addition, certain

work done earlier on oxetane, oxetane-d6, cyclobutanone, cyclobutanone-d 4

and 3-methylene oxetane will be repeated with the new Jarrell-Ash instrument.

It is hoped that this work will enable some understanding of the requirements

for a large quartic term in the potential-energy function of the

ring-puckering vibration.

In addition to the organic four-membered rings cited above, we are

currently engaged in efforts to prepare and study some four-membered

rings with inorganic constituents. Good progress can be reported with one of

these: silyl cyclobutane, SiH2(CH2) 3. This compound has not been

synthesized thus far, but its possible precursors SiC_2(CH2) 3 (previously

known) and SiF2(CH2) 3 ( a new compound) have recently been prepared in our

laboratory bjl J. Laane. In view of the close analogy of all three of these

compounds with the other eyclobutane analogs, we are hopeful that their far

infrared spectra will shed some light on the quartic-potential problem.

I. I. 2 Pure Rotational Far Infrared Spectra

Research Report

Several years ago some very interesting results were obtained by

Dr. Burt Krakow on the far infrared spectra of the related molecules HNNN,

HNCO and HNCS. These three molecules showed quite surprising

differences in their pure rotational spectra at high values of the rotational

quantum number K for which no existing theory seemed to be valid. This

work is being repeated on the new Jarrell-Ash instrument by

Mr. George Neely. In addition, he has synthesized their deuterium

derivatives, and is in the course of obtaining the far infrared spectra of

these also. A theoretical study of the various interactions between

vibration and rotation which may account for the anomalies in the observed

spectra of both the hydrogen and deuterium compounds is being pursued.

Another pure rotational problem is that of the predicted far infrared
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absorption by allene, a molecule whose permanent dipole moment is zero,

when the molecule is in an excited degenerate vibrational state

(J. Chem. Phys. 21, 705 (1953)). The spectral location of this presumed

absorption can be calculated quite accurately from known molecular

parameters, but it is expected to be quite weak. To date, no absorption has
-1

been found in the predicted range 20--100 cm with a path length of 1 meter

and pressures up to two atmospheres. An absorption cell with an optical

path of 40 meters has been ordered and further study will be carried out to

see whether absorption can be observed at 40 meter-atmospheres or

somewhat higher.

i. I.3 Far and Mid Infrared Spectra of Inorganic Fluorides

Research Report

The infrared and Raman spectra of PF 5 and AsF 5 have been
-1

determined in the range 2000--30 cm The low-frequency v7 vibrations,

which are important to the study of intramolecular exchange of fluorines,

were observed in the infrared spectra of PF 5 and AsF 5 at 300 em -1 and
-1

131 cm , respectively. The corresponding Raman lines were not observed.

Nevertheless, the spectroscopic data indicate that both PF 5 and AsF 5

possess D3h symmetry.

Normal-coordinate calculations were carried out by attempting to

use the Coriolis constants as additional information for fitting the force

constants. These attempts failed because the assumptions introduced to

make up for the lack of data were not sufficient to give agreement between

the calculated and observed Coriolis constants. However, force constants,

normal coordinates, potential energy distributions and Jacobian matrix

elements were calculated for PF 5 and AsF 5 based on the simple valence-

force approximation. These calculations showed that a simple normal

coordinate cannot be used as a basis for quantitative discussion of the

exchange process.

Barriers for the exchange processes in PF 5 and AsF 5 were

estimated to be about 5 kcal/mole for PF 5 and about 3 kcal/mole for AsF 5.

The Boltzmann factors for these barrier heights show that significant

contribution to exchange is probably caused by molecules in excited

vibrational states. Calculations also show that the splitting of the two F 19

fluorine resonances in PF 5 should occur in the NMR spectrum at about

100°K, while the splitting in AsF 5 probably occurs at a temperature less

than 100°K.
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I. 2.0 Infrared Studies of Compounds of ]Biophysical Interest

Research Report

Infrared spectroscopic studies of the temperature dependence of

dimerization of uracil and adenine derivatives in non-aqueous media have

been carried out to determine the energy and entropy changes associated

with base-pair formation analogous to that in DNA. An extensive study of

the Raman spectra of DNA bases in water solution has also been made to

determine the amount of dimerization. This work will be prepared for

publication shortly.

i. 3.0 Instrumental Developments

Research Report

The Jarrell-Ash infrared instrument, custom-built to our order,

was delivered on November 10, 1965. Since that date considerable effort

has been devoted to the optical alignment of the instrument and putting it

into operation. Its performance on December 31, 1965 was still

considerably below that to be expected theoretically, but it seems to be

improving with time. Much work remains to be done in the elimination of

difficulties in operation and in the development of accessories such as

absorption cells, polarizing devices, additional filters for the purification

of radiation, and possibly new sources and detectors. However, steady

progress is being made and the long-term outlook for the ultimate

performance of the instrument is encouraging.

Theses

L. Claron Hoskins, "Vibration-Rotation Spectra of the Fluorides of Arsenic

and Phosphorus," Ph.D. Thesis, Department of Chemistry,

MIT, June 1965.

Diane M. Meyer, "Vibrational Spectra and Structure of Oxetane-3-one,"

S.M. Thesis, Department of Chemistry, MIT, June 1965.

James J. Chang, "Vibrational Spectra and a Normal Coordinate Treatment

of Diphenylcyclopropenone," S. ]B. Thesis, Department of

Chemistry, MIT, June 1965.
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Public ations

C. W. Garland, R. C. Lord and P. F. Troiano, "An lnfrared Study of

High-Area Metal Films Evaporated in Carbon Monoxide, "

J. Phys. Chem 6__99, 1188 (April 1965).

C. W. Garland, R. C. Lord and P. F. Troiano, "IpZr-._ed Spectrmm of

Carbon Monoxide Chemisorbed on Evaporated Nickel Films, "

J. Phys. Chem. 6__99, 1195 (April 1965).

R. M. Hamlin, Jr., R. C. Lord, and A. Rich, "Hydrogen-Bonded Dimers

of Adenine and Uracil Derivatives," Science 148, 1734-1737

(June 25, 1965).

L. C. Hoskins and R. C. Lord, "Infrared Spectrum and Vibrational

Potential Function ofAsF3," J. Chem. Phys. 4_, No. I, 155-158

(July I, 1965).

Karl R. Loos, "Far-Infrared Spectrum of Fe(CO) 5, J. Chem. Phys. 40,

No. 12, 3741 (15 June 1964).

L. C. Hoskins, "Comments on the Far-Infrared Spectrum of PF5, "

J. Chem. Phys. 4_2_2,No. 7, 2631-2632 (1 April 1965).

W. J. Lafferty and R. C. Lord, "Far Infrared Absorption, Vibrational

Spectra and Structure of Trimethylene Oxide and Trimethylene

Oxide-d 6, " manuscript being revised.

B. Krakow and R. C. Lord, "Infrared Spectrum of Sulfur Trioxide, "

J. Chem. Phys. , in press.

K. A. Hartman, Jr. and A. Rich, "The Tautomeric Form of Helical

Polyribocytidylic Acid," J. Am. Chem. Soc. 8__77,2033 (1965).

R. Lumley Jones, "Observations on Steric Hindrance to Hydrogen-Bonding

in N-substituted Amides, " Speetrochimica Acta 2__00,1879 (1964).
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2.0 Infrared and Raman Spectroscopy of Solids

Personnel

Professor C. H. Perry, Assistant Professor, Physics

Dr. R. Geick, DSR Staff, Research Laboratory of Electronics

Jeanne H. Fertel, Graduate Assistant, Physics

E. C. Reifenstein, Ill, Graduate Assistant, Physics

E. F. Young, Graduate Assistant, Physics

D. P. Athans, Undergraduate Assistant, Physics

D. B. Hall, Undergraduate Assistant, Physics

W. J. Hakel, Undergraduate Assistant, Physics

T. F. McNelly, Undergraduate Assistant, Physics

P. Lubitz, Undergraduate Assistant, Physics

J. F. Reintjes, Jr., Undergraduate Assistant, Physics

J. P. Stampfel, Jr., Student Technician

Degrees Granted

D. P. Athans, S. B., June 1965

D. B. Hall, S. B., June 1965

W. J. Hakel, S. B., June 1965

P. Lubitz, S. B., June 1965

Sponsorship

Research Laboratory of Electronics: supported in part by the Joint Services

Electronics Program under Contract DA36-039-AMC 03200(E),

DSR 5001.

Spectroscopy Laboratory: supported in part by the National Science

Foundation, Grant Number GP-21 II, DSR 5055.

Optical Equipment Grant: U.S. Army Research Office (Durham) (funded by

Advanced Research Projects Agency) DA-ARO-D-31-124-G700,

DSR 4932.

Research Report

The research of this group has been to continue the study of the

vibrations of crystal lattices by infrared and Raman spectroscopy. The

frequencies of many of the normal modes of lattice-vibration determined

in this way give results of significance for many of the properties of solids

and assist in the deduction of interatomic force-laws for the crystal.
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2. 1 Interferometric Spectroscopy

Research Report

The far infrared interferometer has had a new sample chamber

added. Transmissiun m_asur_ments and reflection measurements (about

l0 ° from normal incidence) from 25- 1000microns can be accommodated

over a wide temperature range using suitable cryostats and sample holders,

A Texas Instrument Company low temperature bolometer has

recently been incorporated and a considerable Lmprovement in signal to

noise obtained. This allows more accurate intensity measurements to be

made but requires modification and improvement of the present analogue

to digital converting system.

Publications

C. H. Perry, R. Geick and E. F. Young, Solid State Studies by Means of

Fourier Transform Spectroscopy: Proc. Mellon Institute

Symposium on Fourier Interferometric Transform Spectroscopy.

June 1965. Sub-millimeter and Far Infrared Conference,

Boulder, August 1965 (to be published in Proc. I.E.E.E. ,

Special Issue on Millimeter Waves and Beyond).

2.2 Lattice Vibrations

2.2. i The Infrared Spectra of Solids

Research Report

Instrumentation described in previous reports and in section 2. 1

were used for observing the data.

The normal modes in pyrolytic boron nitride have been analyzed

and the structure interpreted. The lattice vibrational properties of

hexagonal CdSe have been observed and a number of multi-phonon peaks

have been interpreted in terms of representative phonon energies for the

edge of the Brillouin zone. The temperature dependence of the reflectivity

of magnesium stannide has been measured and analyzed by means of a

classical dispersion formula including Drude terms for the free carrier

effects. The room temperature far infrared spectra of some cubic (ABF 3)

perovskite fluorides have been completed and are in agreement with group

theoretical considerations. Mixed crystals of some II-VI compounds and a

number of alkali halides are presently under investigation. The long-wave

vibrations of several inorganic complexes have been completed and work is

continuing with related compounds.
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Publications

R. Geick, C. H. Perry and S. S. Mitra, Lattice Vibrational Properties of

Hexagonal CdSe, Bull. Am. Phys. Soe., p. 332 (1965). (To be

published in the J. Appl. Phys. )

C. H. Perry, D. J. McCarthy and G. Rupprecht, Dielectric Dispersion of

Some Perovskite Zirconates, Phys. Rev. , 138, A1537 (1965).

R. Geick, Evidence for a Considerable Nonlinear Dipole Absorption in

Gallium Arsenide, Phys. Rev. 138, A1495 0965).

R. Geick, C. H. Perry and G. Rupprecht, Normal Modes in Hexagonal

Boron Nitride, Paper V6, Symposium on Molecular Structure and

Spectroscopy, Ohio State University, June 1965 (to be published in

Phys. Rev. ).

C. H. Perry, R. Geick, E. F. Young and H. J. Guggenheim, Far Infrared

Spectra of Some Cubic (ABF 3) Perovskite Fluorides, Proceedings

VIII European Congress of Molecular Spectroscopy, Copenhagen,

August 1965. Abstracts, p. 286.

C. H. Perry, Far Infrared Reflectance Spectra and Dielectric Dispersion of

a Variety of Materials having the Perovskite and Related

Structures, Jap. J. Appl. Phys., Vol. 4, Suppl. I, 564 (1965).

J. H. Fertel and C. H. Perry, Long-Wave Infrared Spectra of Alkali Salts

of Platinum Halide Complexes, J. Phys. Chem. Solids 26, 1773

(1965).

R. Geiek, W. J. Hakel and C. H. Perry, Temperature Dependence of the

Far Infrared Reflectivity of Magnesium Stannide (submitted to

Phys. Rev. ).

2. 2. 2 The Raman Spectra of Solids

Research Report

The Raman spectrum of single crystal BaTiO 3 has been observed on

a Cary Model 81 Spectrophotometer from 4--400°K and the unusual

temperature dependence of one of the normal modes has been related to its

ferroelectric properties. This work is being continued on other ferroelectric

materials and mixed crystals.

A He-Ne laser Raman spectrometer is under construction and will

incorporate both photographic and photoelectric recording. Polarization

studies and measurements of the angular dependence of the scattering for

anisotropic materials are to be investigated.

Publications

C. H. Perry and D. B. Hall, Temperature Dependence of the Raman

Spectrum of BaTiO3, Phys. Rev. Letters 15, 600 (1965).



SECTION A - CHEMICAL AND SOLID-STATE PHYSICS 39

3.0 Radiofrequency, Microwave and Optical Spectroscopy

Of Liquids and Solids

Personnel

Professor G. B. Benedek, Professor, Physics

Dr. J. D. Litster, Instructor, Physics

Dr. P. Heller, DSR Staff, Materials Center

Dr. N. C. Ford, Jr., DSR Staff, Materials Center

Dr. A. C. Smxmmn, DSR Staff, MateN_aIs Center

S. B. Dubin, Research Assistant, Physics

K. Fritsch, Research Assistant, Physics

T. Greytak, National Science Foundation Cooperative Fellow, Physics

J. B. Lastovka, American Can Company Foundation FelIow, Physics

P. Lazay, Research Assistant, Physics

J. Lunacek, Research Assistant, Physics

Lt. T. T. Saito, sponsored by United States Air Force, Physics

S. D. Senturia, National Science Foundation Feilow, Physics

N. Tornberg, National Science Foundation Fellow, Physics

Lucy Sloan, Secretary

Degrees Granted

K. Fritsch, S. M. {Physics), January 1965.

J. D. Litster, Ph.D. {Physics), September 1965.

Sponsorship

Advanced Research Projects Agency, SD 90, DSR 8880, DSR 5102.

3. I Brillouin Scattering in Liquids and Solids Using Low Power Lasers

3. 1. 1 Brillouin Scattering in Cubic Crystals

Personnel: Professor G. B. Benedek; K. Fritsch

Object

To determine the elastic constants of optically isotropic (cubic) crystals by

measurements of the energy spectrum of light scattered by the crystal.

Research Report

We have succeeded in measuring with high accuracy the elastic

constants of the three alkali halide crystals KI, RbCt, and KCf for sound
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waves whose wavelength is about 3000 A. The frequency of such waves

falls in the range_ 9--15 kMc. The measurements were carried out

using the techniques of Brillouin scattering with a helium-neon laser as

a light source. The spectroscopic analysis was carried out using the

12 meter grating spectrograph in the Spectroscopy Laboratory, MIT. A

complete account of this research is contained in the Master's thesis of

Mr. Fritsch who is now a graduate student at The Catholic University,

Washington, D. C. A manuscript presenting the theory of the

experiments along with our results is being prepared for submission to

The Physical Review.

3. i. 2 ]Brillouin Scattering near the Critical Point of NH4C__

Personnel: Professor G. B. Benedek; P. Lazay

O__bj ect

To study the velocity and attenuation of hypersonic sound waves in the

immediate vicinity of the second order phase transition in NH4C_.

Research Report

It is well-known that NH4C_ undergoes an order-disorder

transition at - 30°C. In the vicinity of this point the specific heat shows a

lambda type anomaly and the low frequency sound speed gets very small.

From a study of the Brillouin spectrum we will be able to determine the

effect of temperature on the sound wave dispersion relation. We have

already observed the Brillouin spectrum at room temperature and have

constructed a scattering cell which will permit reduction of the sample

temperature into the critical region.
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3.I. 3 Brillouin Scattering in Liquids

Personnel: Professor G. B. Benedek, T. Greytak, T. T. Saito

O_O__ect

To measure the velocity and the lifetimes of hypersonic sound waves in

fluids.

Research Report

The splittings and the widths of the spectral lines of light

scattered from a fluid permit a determination of the velocity and lifetime of

sound waves whose frequency ranges from _ 2 to _ 10 kMe. We have

succeeded in using the technique of Brillouin scattering to measure the

velocity and the lifetime of 6 kMe sound waves in toluene and water. We

are now engaged in extending these measurements to other sound wave

frequencies and other liquids. An account of the theory and the

experimental methods employed in these measurements has been prepared

for publication in the Special Issue on Ultrasonics of the Proceedings of

the Institute of Electrical and Electronics Engineers which has appeared in

October 1965.

3. 1.4 Brillouin Scattering in Liquid Helium

In the Vicinity of the Lambda Point

Personnel: Professor G. B. Benedek; T. Greytak

Object

To study the velocity and the attenuation of sound waves whose wavelength

is of the order of the wavelength of light both in normal helium and in

superfluid helium.

Research Report

We have assembled much of the equipment needed to observe the

spectrum of light scattered inelastically from liquid helium near the

point. The laser optics and Fabry-Perot etalons with the required

stability and resolving power are ready. The low temperature devices

are ready, and on completion of the scattering cell initial experiments

will commence.
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3.1.5 Spectrum of Light Scattered from a Pure Fluid

Near its Critical Point

Personnel: Professor G. B. Benedek; Dr. N. C. Ford, Jr.;

Dr. A. C. Saxman

Ob.]ect

To study the line shape and line width of the quasi-elastic component

of the light scattered from a pure fluid as a function of temperature

and density near its critical point.

Research Report

This project was begun in September 1964 with Dr. Ford. Its

object was to study the spectrum of both the Brillouin components and the

quasi-elastic component of light scattered from a fluid near its critical

point, T c. The Brillouin components were not found hear T c. We

belicve this is because of a very heavy damping of high frequency sound

waves in this region. We have succeeded in measuring the spectrum of

the central component. To do this we developed a new square law or

self-beating electronic spectrometer which has made it possible to detect

a broadening of the incident spectrum by an amount as small as I0 cps out

of an incident light frequency of 5 × 1014 cps. With this device, which

should have applications in other areas of physics and chemistry, we have

measured the lifetime of entropy fluctuations in the immediate vicinity of

the critical point in SF 6. These measurements represent the first

observations of the line width of light scattered from the critical region of

a pure fluid. The line widths of the scattered light fall in the range

100--3000 cps. We have been able also to show that the Landau-Placzek

theory for this critical narrowing is substantially in agreement with the

experimental results.

This experiment which was carried out by Dr. Ford, has now4-

been taken over by Dr. Saxm_an. Dr. Ford has assumed the post of

Assistant Professor of Physics at the University of Massachusetts at

Amherst. The announcement of this work was made at the

Conference on Critical Phenomena held at the National Bureau of

Standards, Washington, D. C. , April 1965. An account of the most recent

results has appeared in the Physical Review Letters 15, 649-653 (1965).
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3.i. 6 Design and Construction of a Light Modulator at i0 kMc

Personnel: Professor G. B. Benedek; J. B. Lastovka, J. Lunacek

To construct a stable cw light modulator operating at I0 kMc for use in

accurate calibration of optical spectrometers.

Research Report

We have made use of the electro-optic rotation of the plane of

polarization in KDP to produce a modulation at 10 kMc of the amplitude

of laser light passing through crossed polaroids. Special design was

needed to lock the sample cavity to the klystron so as to insure very

stable operation. Initial tests of the device were successful and indicate

that this device will be of great value in the accurate calibration of high

precision Fabry-Perot plates and grating spectrographs.

3.1.7 The Spectrum of Light

Scattered from Thermally-Excited Spin Waves in Ferromagnets

Personnel: Professor G. B. Benedek; J. D. Litster

O_Q_ect

To detect a change in the frequency of light scattered from a transparent

ferromagnet as a result of momentum and energy exchanges with the

spin waves.

Research Report

We have made calculations of the frequency changes to be expected

in the inelastic scattering of light off spin waves. We have also considered

the question of the scattering intensity and have undertaken construction of

experimental equipment required to investigate the spectrum of laser

light scattered from yttrium iron garnet {YIG).
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3.1.8 The Spectrum of Light Quasi-Elastically Scattered

From High Molecular Weight Molecules

Personnel: Professor G. B. Benedek; S. B. Dubin

Object

To study the self-diffusion of long-chain molecules by measuring the

spectrum of laser light quasi-elastically scattered from them.

Research Report

We have observed that the light quasi-elastically scattered from low

concentration solutions of sodium styrene sulfonate (NaSS) in water is

extremely intense. The scattering intensity is in fact so large as to make

it possible to use self-beating methods to study the spectrum of the

scattered light. We have consequently undertaken construction of a

scattering chamber and a self-beating system to study the spectrum of

light quasi-elastically scattered from NaSS and deoxyribonucleic acid (DNA).

We expect that this method will proveto be very useful in the study of

rotational and translational diffusion of long-chain molecules, and it may

prove valuable in detecting structural changes in molecules of biological

interest.

3. i. 9 Heterodyne Detection of the Rayleigh and Brillouin Spectra

Personnel: Professor G. B. Benedek; J. B. Lastovka

Object

To use heterodyne beating techniques to study the line-width of light

scattered by entropy fluctuations and by thermally-excited sound waves in

liquids.

Research Report

We have succeeded in detecting the heterodyne beat note between

part. of the incident laser beam and the Brillouin component of the light

scattered from toluene. This represents the first heterodyne detection of

the Brillouin components using a cw laser as a light source. We have also

succeeded in detecting the spectral distribution of light scattered from the

center, or Rayleigh component in toluene at room temperature, and we

have found a line-width as narrow as 17,000 cycles. Investigation of the

dependence of this line width on the scattering angle is now under way.
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These experiments demonstrate that the heterodyne spectrometer can be

used in normal liquids far from their critical points and provides a

resolving power which is of the order of 1012. This figure represents an

increase in resolution of about four orders of magnitude over that of the

very best optical spectrometers. A short account of the progress in this

area has appeared in the Proceedings of the Conference on Quantum

Electronic s (published by McGraw- Hill).

3.2 Nuclear Magnetic Resonance

In Ferromagnets and Antiferromagnets

3.2.1
Nuclear Magnetic Resonance in Ferromagnetic CrBr 3
From 4.2°K to the Critical Point

Personnel: Professor G. B. Benedek; S. D. Senturia

Object

To study the Cr 53, Br 79 and Br 81 nuclear magnetic resonances as a

function of temperature, especially near the Curie point T = 32. 5°K.
c

Research Report

We have measured the frequencies of the Cr 53 and Br 79 and Br 81

nuclear resonances as a function of temperature over the range where

the resonances have sufficient intensities to be detectable. The closest

approach to T c was made by observing a high frequency resonance of the

Br 79 nuclei up to within T = 0.993 T c. With the aid of a digital

computer we are analyzing this data in order to determine accurately the

temperature dependence of the internal magnetic field and the electric

field gradients at the Cr and Br nuclei. From these we have deduced

the temperature dependence of the spontaneous magnetization from

4.2°K to very near the critical point.
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3.2.2 Eu 153 and Eu 151 Nuclear Resonance in Ferromagnetic EuS

Near the Critical Point

Personnel: Professor G. B. Benedek; Dr. P. Heller

Research Report

This research has been completed, and the results of the

investigation have been published in the Physical Review Letters 14, 71

(1965). Dr. Heller has assumed the post of Assistant Professor of Physics

at Brandeis University.

3. 2.3 Fe 57 Nculear Resonances in Iron and the Rare Earth Garnets

Personnel: Professor G. B. Benedek; J. D. Litster

Object

To study the effects of temperature and pressure on the Fe 57 nuclear

resonance lines in the garnets and iron.

Research Report

The objectives of this research have been reached. We have

determined the temperature dependence of the sublattice magnetization

(at constant volume) of the Fe sublattices in yttrium iron garnet and

gadolium iron garnet at closely spaced temperature intervals between

4. 2°K and_ 500°K (_ . 9 T ). This data has been analyzed in the
c

temperature region below 25°K to obtain the coefficient (d) of the k 2

-i
term in the spin wave dispersion relation for YIG. We find D = 32 cm

From our pressure measurements we have determined the pressure

dependence of the Curie point and the pressure dependence of the hyperfine

coupling constants for YIG. By combining our data with measurements

of the bulk magnetization in GdIG we have found the temperature

dependence of the Gd sublattice magnetization and have found this to be

consistent with the view that the Gd magnetization is produced by a

paramagnetic alignment of this ion in a molecular field set up by the

neighboring Fe and Gd spins. A short aecount of this work was presented

at the Conference on Magnetism and Magnetic Materials in San Francisco,

November 1965. A complete account of these experiments is to be found

in the Ph.D. thesis of Dr. Litster who has joined the Department of Physics

at MIT as an instructor.
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3.2.4 Faraday Rotation in Ferromagnets Near the Critical Point

Personnel: Professor G. B. Benedek; Dr. J. D. Litster, N. Tornberg

Object

To use the rotation of the plane of polarization of light to study the

temperature dependence of the susceptibility of ferromagnets near

the critical point.

Research Report

Equipment has been assembled for the study of Faraday rotation

in CrBr 3 in the paramagnetic state. Initial tests of the apparatus and

observation of the rotation are now beginning.

Publications

G. Benedek, J. B. Lastovka, K. Fritsch, and T. Greytak, "Brillouin

Scattering in Liquids and Solids Using Low Power Lasers, "

J. Opt. Soc. Am. 5__4, 1284 (1964).

G. Benedek, "Magnetic Resonance at High Pressure," Scientific

American Z1___22,102-108, January 1965.

P. Heller and G. Benedek, "Nuclear Resonance in Ferromagnets and

Antiferromagnets Near the Critical Point, " Proc. International

Conference on Magnetism, " Nottingham, England, 1964. The

Institute of Physics and the Physical Society, London, 1965.

P. Heller and G. B. Benedek, "Nuclear Resonance in EuS from 4.2°K

to the Critical Temperature Region, " Phys. Rev. Letters 1_44,

71 (1965).

N. C. Ford, Jr., and G. B. Benedek, "Observation of the Spectrum of

Light Scattered from a Pure Fluid Near its Critical Point, "

Phys. Rev. Letters 15, 649-653 (1965).

K. Fritsch and G. B. Benedek, "Brillouin Scattering in Solids Using

Low Power Lasers," Bull. Am. Phys. Soc. II 1__00,109 (1965).

P. Tobin and G. B. Benedek, "Pressure Dependence of the Pure

Quadrupole Resonance Frequency in Antimony Metal, " Bull.

Am. Phys. Soc. I110_0, 75 (1965).

G. B. Benedek, "Equilibrium Properties of Ferromagnets and

Antiferromagnets in the Vicinity of the Critical Point, " Proc. of

Conference on Phenomena in the Neighborhood of Critical Points,

National Bureau of Standards, Washington, D. C. , April 1965

(to be published}.
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N. C. Ford, Jr., and G. B. Benedek, "The Spectrum of Light

Inelastically Scattered by a Fluid near its Critical Point, " Proc. of

Conference on Phenomena in the Neighborhood of Critical Points, "

National Bureau of Standards, Washington, D. C., April 1965

(to be published).

J. B. Lastovka and G. B. ]Benedek, "Light Beating Techniques for the

Study of the Rayleigh-Brillouin Spectrum, " Proc. of Conference on

Quantum Electronics, Paper B-12, Puerto Rico, June 1965,

McGraw-Hill, pp. 231-240.

G. Benedek and T. Greytak, "Brillouin Scattering in Liquids, " Proc. of

The Institute of Electrical and Electronics Engineers, Vol. 53,

no. 10, October 1965, pp. 1623-1629.
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4.0 Semiconductors and Infrared Spectroscopy

Personnel

Professor R. A. Smith, Professor, Physics

Dr. S. Zwerdling, DSR Staff, Matcrials Center

S. J. Williamson, Graduate Fellow, Physics

J. P. Theriault, Engineering Assistant

D. S. Mundel, Senior Thesis Student, Physics

Degrees Granted

S. J. Williamson, Sc.D., June 1965.

Sponsorship

Advanced Research Projects Agency, Contract SD-90, DSR 8880 and 8890

4.1 Spectroscopy in the Far Infrared

Research Report

The fast detector using InSb in a magnetic field at liquid helium

temperature which was put into operation last year has been used to look

for far infrared radiation for certain CW lasers in collaboration with the

Laser Research Group. So far these experiments have not been successful

but have led to a careful examination of the spectral response of the detec-

tor. This was found to have a very short cut-off just below 150_ with a

sharp peak at the cyclotron resonance frequency near 150_. Such peaks

had previously been observed but were thought to be much less marked

than the one observed with this particular detector especially at the fairly

low magnetic field (_ 5 kG) used.

A study has been made of the relative merits of various detectors

for the far infrared and some ideas evolved for possible improvement. The

single-crystal bolometer appears to be well worth further study and devel-

opment effort particularly with a view to increasing its speed of response.

This involves the use of material (Ge or Si, at present) with a high absorp-

tion coefficient yet exhibiting non-metallic behavior (see Section 4.2}. A

special bolometer for such studies is being constructed.
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4.2 Far Infrared Absorption in Semiconductors

in the Impurity Conduction Band

Research Report

Special material in the form of germanium crystals simultaneously

doped with controlled amounts of both n-type and p-type impurities is re-

quired for this investigation. Such material has been prepared for us by

the Central Facility for semiconductor crystal growth (Mr. S. Dermatis).

The difficult problem of measuring the effective impurity concentration and

doping ratio (N D - N A) and ND/N A where N D and N A are respectively the

concentrations of n-type and p-type impurities) has been undertaken. No

single method for doing this satisfactorily has, so far, been evolved but

fairly accurate estimates have been arrived at through a combination of

methods involving measurement of Hall constant and resistivity over a wide

temperature range (from about 90°K to 4°K) and comparison of measured

mobilities from those calculated from ionized impuPity scattering.

Absorption measurements have been held up owing to unavailability

of a suitable spectrometer but some have now been made using a vacuum

instrument in the Spectroscopy Laboratory through the kindness of Professor

R. C. Lord. It has been established that the absorption in the region I00_-

500_ is about two orders of magnitude greater than what would be estimated

using the classical relationship between absorption and conductivity, if the

d.c. values for conductivity are used. We have still to determine accur-

ately the absolute value of the absorption coefficient and its variation with

frequency. We hope to have our own spectrometer (Perkin Elmer 301) in

operation early in 1966 and it will be used for this purpose.

4.3 Theoretical Study of Magnetic Breakthrough

Research Report

The theoretical work carried out by Dr. W. G. Chambers in

association with Professor R. A. Smith as part of the ARPA supported

program has been continued by him at the Agriculture and Mechanical

College, Texas, and has now been published.
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4.4 de Haas-van Alphen Effect in Semimetals

Research Report

The thesis work of S. J. Williarnson on the de Haas-van Alphen

Effect in semimetals under the supervision of Professor R. A. Smith has

now been concluded and the results submitted as an Sc. D. Thesis. On

graduation Mr. Williamson has transferred to the staff of the National

Magnet Laboratory, where the experimental work for his thesis was

carried out.

Publications

R. A. Smith, "Detectors for Ultraviolet, Visible and Infrared Radiation, "

Applied Optics 4, 631 (1965).

R. A. Smith, "Materials and Manufacture in 1984, " New Scientist 2__22,

282 (1965). Also published in a Penguin Special, Science in 1984.

S. J. William son, S. Foner and R. A. Smith, "Influence of Landau Level

Broadening on the de Haas-van Alphen Effect, " Phys. Rev. 136,

AI065 (1964).

W. G. Chambers, "Magnetic Breakdown and Ultrasonic Attenuation in a

Two-dimensional Model," Proc. Phys. Soc. (London)8__44, 941

(1964).

R. A. Smith et al, "Materials Science and Engineering at the Massachusetts

Institute of Technology, " Nature 208, 726, November 20, 1965.
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5.0 Microwave Spectroscopy
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Professor M. W. P. Strandberg, Professor, Physics

Professor R. L. Kyhl, Associate Professor, Electrical Engineering

Dr. J. M. Andrews, DSR Staff,

J. G. Ingersoll, DSR Staff,

R. Huibonhoa, Instructor, Electrical Engineering

A. Fukumoto, Research Assistant, Physics

T. E. McEnally, Research Assistant, Physics

S. Reznek, Research Assistant, Physics
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Steven Greenberg, Senior, Electrical Engineering
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David Milligan, Senior, Physics

William B. Robbins, Senior, Physics

David W. Vahey, Senior, Physics

Francis Williams, Senior, Electrical Engineering

J. D. Kierstead, Engineering Aid
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Degrees Granted

Roger Huibonhoa, Sc. D., Electrical Engineering

Michael Maul, M. S. , Electrical Engineering

Lowell Rosen, M.S., Physics

S. N. Bromberg, B.S., Physics

Martin C. Graham, B.S., Physics

R. M. Preer, B.S., Physics

Sponsorship

Research Laboratory of Electronics, supported in part by the Joint Services

Electronics Program under Contract DA-36-039-AMC-03200(E),

DSR 5001.
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Research Report

This group has broad general interests in the study of metals and

dielectric crystals by means of UHF and microwave frequency experiments

using electromagnetic and acoustic radiation. We have expanded our

experimental techniques to include heat pulses (incoherent phonons) in

addition to the coherent acoustic signals. The frequency range is thus

extended into the "submillimeter" region, but with additional experimental

difficulties including loss of frequency resolution. In the past year, the

Fermi surface of gallium has been investigated using geometrical

resonance, or the scattering of electrons from cyclotron orbits by the

surfaces of thin single crystals. The line shapes of these resonances have

also been studied and appear to be understood to a satisfactory degree.

Heat pulses in dielectric crystals have been used to study the propagation

and dispersion of acoustic waves in these crystals. The superconducting

bolometers used in these experiments appear to have promise as fast

( < 10 -7 sec), sensitive ( - 40 dbm with a 2 Mc output bandwidth)

radiometers for use in the millimeter and far infrared regions. Work on

electron paramagnetic resonance continues in the main on interdisciplinary

problems in cooperation wi}h members of the Departments of Metallurgy

and Chemical Engineering, MIT.

Quarterly Progress Reports, Research Laboratory of Electronics, MIT

John M. Andrews, Jr., "Observations of Incoherent Phonon Propagation

in X-Cut Quartz," QPR No. 77, Pages 7--15, Research

Laboratory of Electronics, MIT, April 15, 1965.

John M. Andrews, Jr., "Incoherent Phonon Propagation in X-Cut Quartz, "

QPR No. 78, Pages 10--14, Research Laboratory of Electronics,

MIT, July 15, 1965.

Akira Fukumoto, "Investigation of the Fermi Surface of Gallium by

Geometric Resonance at Microwave Frequencies, " QPR No. 78,

Pages 15--19, Research Laboratory of Electronics, MIT,

July 15, 1965.

(The following are abstracts of four theses published in the July 15, 1965

QPR. )

Stephen N. Bromberg, "Magnetic Field Dependence of the Temperature

Variation of the Hall Coefficient in Indium Antimonide, QPR No. 78,

Page 9, Research Laboratory of Electronics, MIT, July 15, 1965.
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Martin C. Graham, "Thin-Film Bolometer for Detection of Phonons in

Quartz and Sapphire," QPR No. 78, Page 9, Research Laboratory

of Electronics, MIT, July 15, 1965.

Robert M. Preer, "EPR Studies of Irradiated Polysytrene,"

QPR No. 78, Page i0, Research Laboratory of Electronics, MIT,

July 15, 1965.

Michael Maul, "A Calculation of the Amplitude Envelope Observed in

Microwave Phonon Generation," QPRNo. 78, Page 10, Research

Laboratory of Electronics, MIT, July 15, 1965.

A. Fukumoto, "Invesitgation of the Fermi Surface of Gallium by Geometric

Resonance at Microwave Frequencies," QPR No. 78, Pages 15--19,

Research Laboratory of Electronics, MIT, July 15, 1965.

Lowell Rosen, "A Study of Superconducting Domain Structures Using Optical

Polarization Techniques," QPR No. 79, Page 5, Research

Laboratory of Electronics, MIT, October 15, 1965 (abstract of

M.S. thesis).

Michael Maul, "The Low-Temperature Use of Electrolytic Capacitors and

Bifilar Pulse Transformers," QPR No. 79, Page 5, Research

Laboratory of Electronics," MIT, October 15, 1965.

John M. Andrews, Jr., "Incoherent Phonon Propagation in X-Cut Quartz,"

QPR No. 79, Pages 6--7, Research Laboratory of Electronics,

MIT, October 15, 1965.

John M. Andrews, Jr. , "Incoherent Phonon Propagation in a Born-Karman

Lattice," QPR No. 79, Pages 7--13, Research Laboratory of

Electronics, MIT, October 15, 1965.

Akira Fukumoto, "Fermi Surfaces of Gallium Single Crystals by the Size

Effect," QPR No. 79, Pages 14--16, Research Laboratory of

Electronics, MIT, October 15, 1965.

Theses

Bromberg, Stephen N. , "Magnetic Field Dependence of the Temperature

Variation of the Hall Coefficient in Indium Antimonide, " B.S. thesis,

Physics.

Graham, Martin C. , "Thin Film Bolometer for Detection of Phonons in

Quartz and Sapphire," B.S. thesis, Physics.

Preer, Robert M. , "EPR Studies of Irradiated Polystyrene," B.S. thesis,

Physics.

Maul, Michael, "A Calculation of the Amplitude Envelope Observed in

Microwave Phonon Generation, " M. S. thesis, Electrical Engineering.
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Rosen,Lowell, "A Studyof SuperconductingDomainStructuresUsing
OpticalPolarizationTechniques," M.S. thesis,Physics.

Huibonhoa,Roger,"An ElectromagneticFieldAnalysisof aHigh-Dielectric
RectangularResonatorin FreeSpace," Ph.D. thesis,Electrical
Engineering.

Publications

J. C. Burgiel and M. W. P. Strandberg, "Temperature Dependence of the

Antiferromagnetie Anisotropy in MnF 2, '' J. Phys. Chem. Solids,

Vol. 2__6, pp. 877-881, 1965.

J. C. Burgiel and M. W. P. Stranberg, "Antiferromagnetic Resonance

Linewidth in MnF 2 Near the Transition Temperature, " Phys. Chem.

Solids, Vol. 26, pp. 865-875.

Papers submitted for publication

J. M. Andrews, Jr., and M. W. P. Strandberg, '_l"hermal Microwave

Phonons, " Vroc. IEEE Special Issue entitled "Millimeter Waves

and Beyond, " to be published April 1966.

J. M. Andrews, Jr., and M. W. P. Strandberg, "Acoustic Dispersion

Effects in Heat Pulse Experiments, " IEEE Transactions on Sonics

and Ultrasonics.

Meeting Papers presented in 1965

"Acoustic Dispersion Effects in Heat Pulse Experiments, " J. M. Andrews, Jr. ,

and M. W. P. Strandberg, Ultrasonics Symposium, Boston,

December i--4, 1965.

"Thermal Microwave Phonons, '_ J. M. Andrews, Jr., and

M. W. P. Strandberg, Boulder Millimeter and Far Infrared

Conference, Estes Park, Colorado, August 30--September I, 1965.
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6.0 Optical and Infrared Masers
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M. Feld, Research Assistant, Physics

L. Hocker, Research Assistant, Physics

M. Kovacs, ResearehAssistant, Physics

F. Missell, Research Assistant, Physics

J. Parks, Research Assistant, Physics

R. Cordover, Research Assistant, Electrical Engineering

C. Rhodes, NSF Regular Graduate Fellowship, Physics

J. Murray, NSF Traineeship, Physics

J. Bresman, Undergraduate Student, Physics

J. Levine, Undergraduate Student, Physics

H. Smith, Undergraduate Student, Physics

M. Johnson, Undergraduate Student, Physics

E. Leonard, Technician, Physics

R. Solomon, Technician, Physics

Mary Lambert, Secretary, Physics

Degrees Granted

R. Y. Chiao, Ph.D., Physics, June 1965

E. Garmire, Ph.D., Physics, September 1965

Sponsorship

National Aeronautics and Space Agency, NsG-330, DSR 9338

Air Force Cambridge Research Laboratories, AF 19(628)-4011, DSR 5079

Office of Naval Research, Nonr 3963 (Z2), DSR 4979
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Optical Equipment Grant--Army Research Office--Durham (funded by

Advanced Research Projects Agency) DA-ARO- D- 31 - 124- G- 700,

DSR 4932.

Research Report

The activities of this group are based on explorations of new aspects

of interaction of radiation with matter utilizing optical and infrared lasers

and with particular emphasis given to application in spectroscopic problems.

A summary of the recent activities of the group is given below.

In the optical and infrared range of the spectrum, the natural or

the collision widths of the molecular and atomic resonance (at a low gas

pressure) are generally extremely narrow. However, the overall line

widths of these resonances are considerably broadened due to the Doppler

effect. Because of this, observations of linear absorption characteristics

of a resonance line leads to high resolution spectroscopy limited by the

Doppler widths. In many important cases, atomic and molecular resonances

possess small structures with splittings less than the Doppler width. In

order to achieve much higher resolution and to exploit the sharpness of the

natural widths (or the low pressure collision widths}, several spectroscopic

techniques have been developed in which optical resonances are studied

while they are driven to saturation. In these cases, instead of linear

absorption or gain characteristics of a resonance line, one observes the

non-linear absorption or gain in the presence of an intense optical or

infrared gas laser beam. In the case of atomic and molecular transitions

with electrical dipole coupling to the optical maser field, power levels in

the milliwatt range are sufficient to obtain saturation. Spectroscopy with

saturated optical transitions have been used in a variety of ways to obtain

spectroscopic information. In a set of experiments, the power output of a

single mode gas laser is observed as a function of its oscillation frequency.

Since the power output is determined by the actual saturation behavior of

the laser transition, this gives high resolution information limited by the

natural width rather than the Doppler widths. This technique has been

applied successfully to high precision measurements of isotope shifts in

atomic transitions as well as in detailed exploration of influence of atomic

collisions on the line shape of the atomic resonances. The latter measurements

have revealed a number of new collision effects which lead to non-Lorentzian

broadening of the average responses of individual atoms under the low pressure

conditions when the pressure broadening is much less than the Doppler width.

In a different experiment, the saturation behavior of a Doppler

broadened line has been taken to advantage in the studies of atomic
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resonances which possess small structures. In this case, the atomic

system subjected to an optical laser radiation oscillating at two closely

spaced frequencies with a predetermined separation in the radio-frequency

range. If this frequency separation is varied to coincide with the small

splitting of the resonance to within the natural width of the atoms, the

saturation behavior of the corresponding Doppler broadened transitions

change drastically. This has been explored in considerable theoretical

details and has also been applied experimentally in several transitions

of Ne. At the present, this effect is being studied in its applications to

studies of hyperfine structures of a number of atomic and molecular

resonances.

There exist several types of important resonances in solids at

frequencies which show strong magnetic field dependence. Under high

magnetic fields, the frequencies of these resonances may be tuned through

a sizable portion of the far-infrared and infrared range of the spectrum.

Hence, these resonances may be scanned across the fixed frequency of

an appropriately chosen laser oscillation in the near or far infrared. An

extensive program is underway in which a gas laser light source is used

for spectroscopy of solids under high magnetic fields. These experiments

are conducted at the MIT National Magnet Laboratories where high mag-

netic fields are available. We have recently succeeded in obtaining the

high resolution spectrum of graphite by observing magneto-optical reflec-

tion under high magnetic field. In this case, the resonances are due to

interband transitions between Landau levels. For this, a He-Ne gas laser

operating at 21M is used. This spectrum has revealed considerable

structure which is, at the present, the subject of extensive studies.

During the recent months, the Q-swtiching technique was extended

and applied successfully to molecular gas lasers operating in the infrared.

This technique has led to the realization of repetitive pulses of extremely

high peak powers in the infrared range of frequency (at 10.6M) with high

efficiency. Repetitive pulses with peak powers in excess of tens of kilo-

watts with pulse duration under fifty nanoseconds may now be obtained

readily. Repetition rate of the .order of kilocycle is achieved. This

technique has opened the possibility of studying stimulated Raman effect

and non-linear effects in the infrared. Furthermore, with Q-switching

of molecular lasers, relaxation processes involving vibrational levels of

CO 2 and N20 molecules have been determined in detail. In addition to

spectroscopic applications of these techniques in the studies of molecular

rotation-vibration relaxation, the Q-switching technique has led to



SECTION A - CHEMICAL AND SOLID-STATE PHYSICS 59

observation of a number of new molecular laser oscillations involving

levels of CO 2 molecules in the range of 4_ with enormously large gain.

Experiments on the high precision determination of an upper limit

for ether-drift related to determination of an upper limit for isotropy of

space {Michelson-Morley experiment) has been under further progress

during the last year. Construction of a new rotating platform has been

completed. Measurements of beat note between two highly stable He-Ne

lasers have been obtained while the lasers are mounted perpendicular to

each other and are continuously set to rotation around a fixed axis. The

observed data is presently under analysis and preliminary analysis has

indicated considerable improvement as compared to our earlier measure-

ments.

The non-linear effects arising from interaction of an intense

Q-switch ruby laser beam with solids and liquids were studied in consider-

able detail during the last year. These studies were centered on the

examination of physical processes involved in stimulated generation of

Stokes and anti-Stokes emissions and Brillouin scattering in solids and

liquids.

Particular attention was given to propagation of an intense beam

in a non-linear medium leading to beam trapping. The effect arises from

a dependence of the index of refraction on the beam intensity. It leads to a

new effect which in some cases prevents the spread of the light beam due

to diffraction and in fact, it leads to a focusing of the beam into a narrow

filament. Details of the propagation of such a trapped beam were predicted

theoretically and observed experimentally in close agreement with the

theory. There exist additional important features in this effect which are

at the present under further studies.

In a different experiment, molecular oscillations are driven to

saturation by generation of intense stimulated Raman effects in high

pressure gases excited by a Q- switched ruby beam. The decay of molecular

oscillation to its equilibrium is then probed by observing Raman scattering

using a second less intense ruby laser beam. This experiment has pro-

vided some information on the relaxation of exioted vibrational levels of

gases under high pressure .

Publications

R. Y. Chiao, P. Fluery, "Brillouin Scattering and the Dispersion of

Hypersonic Waves, " Physics of Quantum Electronics, McGraw-

Hill Publishing Co. , 1965.
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R. Cordover, J. Parks, A. Sz_ke, and A. Javan, "A Review of Recent

Studies of Pressure Effects of the Excited States of Ne Using a

He-Ne Laser Light Source, " Physics of Quantum Electronics ,

McGraw-Hill Publishing Company, 1965.

R. Cordover, T. Jaseja, and A. Javan, "Isotope Shift Measurement for

6328i He-Ne Optical Maser Transition, " Applied Physics

Letters 6, No. 12, 322.

M. Feld, J. Parks, H. Schlossberg, andA. Javan, "Spectroscopy with

Gas Lasers, " Physics of Quantum Electronics, McGraw-Hill

Publishing Company, 1965.

G. Flynn, M. Kovacs, C. Rhodes, and A. Javan, "Vibrational Relaxation

Studies Using Q-Switching of Molecular Gas Lasers, " Applied

Physics Letters (to be published).

E. Garmire, "Stimulated Raman Emission in Liquids, " Physics of

Quantum Electronics, McGraw-Hill Publishing Company, 1965.

M. Kovacs, G. Flynn, and A. Javan, "Q-Switching of Molecular Gas

Lasers, " Applied Physics Letters (to be published).

A. Javan, "Stimulated Raman Effect, " Proceedings of Course XXI Enrico

Fermi International School of Physics, Nuovo Cemento, 1965.

A. Javan and A. SzSke, "Theory of Optical Frequency Mixing Using

Resonant Phenomena," The Physical Review 137, A536.

J. Parks and A. Javan, "Collision Induced Transitions within Excited

Levels of Neon," Physical Review 139, A1351, August 1965.

K. Shimoda and A. Javan, "Stabilization of the He-Ne Maser on the Atomic

Line Center," Journal of Applied Physics 136, 718 (1965).

A. Sz_ke and A. Javan, "Effects of Collisions on Saturation Behavior of

i. 15_ Transition of Ne Studied with He-Ne Laser," The Physical

Review, 1966.

A. SzSke and A. Javan, "Pressure Broadening of the i. 15M Transition of

Ne, " Physical Review, April 1966.
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Vo Interatomic and Intermolecular Forces
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Professor I. Amdur, Professor, Chemistry

Professor J. W. Beatty, Jr., Visiting Professor (Ripon College}

Dr. J. E. Jordan, Research Associate, Chemistry

M. C. Fowler, Graduate Fellow, Chemistry

R. N. Nelson, Research Assistant, Graduate Fellow, Chemistry

A. L. Smith, Graduate Fellow, Chemistry

E. T. Cutler, Senior Thesis Student

Degrees Granted

A. B. Marcus, Ph.D., November 1964.

D. E. Paulsen, Ph.D., December 1964.

A. L. Smith, Ph. D., August 1965.

Sponsorship

Office of Naval Research Nonr-1841 (23}, DSR 7571.

National Science Foundation, NSF-GP5099, DSR 6051.

National Science Foundation, NSF-GP324t, DSR 5251.

1.0 Experimental Determination of Intermolecular Forces

From Scattering of High Velocity.- Molecular Beams

Personnel: Professor I. Amdur; Dr. J. E. Jordan, Dr. M. S. Longmire,

M. C. Fowler, R. N. Nelson, A. L. Smith, E. T. Cutler

Sponsorship: Office of Naval Research; National Science Foundation.

Research Report

Dr. Jordan has completed measurements of scattering of He-He,

Ar-Ar, He-Ar, He-H2, He-D2, He-HD, Ar-H 2, Ar-D 2, and Ar-HD to

determine interaction potentials at smaller interaction distances (with the

exception of He-He} than heretofore. Mr. A. L. Smith also completed

measurements of the same type on He-H 2 and He-D 2 to determine potentials

at somewhat larger internuclear separations. Mr. Fowler has confirmed

Mr. Smith's results and has also investigated the He-HD system at the larger

distances. Mr. Nelson is preparing to measure the scattering of reactive



62

atomic species by non-reative atoms and molecules. Mr. Fowler will also

investigate one sueh system, probably H-H 2. Mr. Cutler completed an

experimental investigation of the effeet of roughness of capillary surfaces

on the capillary depression of mercury and a theoretical investigation of the

pumping action of cold traps used to prevent mercury vapor from Mcgeod

gauges from entering other parts of the vacuum system. Mr. Smith also

completed a theoretical investigation of the high energy elastic scattering of

atomic hydrogen by atomic hydrogen. Dr. Longmire continued his analysis

of scattering by unsymmetrieal polyatomic molecules.

2.0 Experimental Determination of Intermoleeular Forces

From Gaseous Diffusion Measurements

Personnel: Professor I. Amdur; Professor J. W. Beatty, Jr.

Sponsorship: National Seienee Foundation

Research Report

Professor Beatty investigated the binary diffusion of the systems

HT-HD and T2-HD at 273°K to extend previous work in which H 2 or D 2 had

been used instead of HD as the second component. Professor Amdur,

Professor Oppenheim and Professor Mason (of the University of Maryland)

completed a theoretical study of the intermolecular forces of the hydrogen

isotopes, H 2 and D 2.

Theses

Alvin B. Marcus, "The Scattering of High Velocity Helium Atoms by

Neopentane and Tetramethylsilane. "

Duane E. Paulsen, "The Scattering of High Velocity Atoms by Silane and

Sulfur Hexafluoride. "

Edward T. Cutler, "The Gaede-Ishii-Nakayame Effect and the Capillary

Depression of Mercury in Pyrex Tubes. "

Allan L. Smith, "High Energy Elastic Scattering of Molecular Beams:

I. H-H (Theory); II. Hell2, He-D 2 (Experiment). "

Publications

I. Amdur and J. E. Jordan, "Elastic Scattering of High Energy Beams:

Repulsive Forces, " chapter in Volume 9 entitled "Molecular Beams"

in Advances in Chemical Physics series, I. Prigogine, editor,

John Wiley and Sons, New York, 1965.
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I Amdur and A. P. Malinaukas, "Diffusion Coefficients of the Systems

He-T 2 and He-TH," J. Chem. Phys. 4__22,3355 (1965).

I. Amdur and J. W. Beatty, Jr. , "Diffusion Coefficients of Hydrogen

Isotopes," J. Chem. Phys. 4__22,3361 (1965).

Allan Laslett Smith and John W. Meriwether, Jr., "intensity Distribution

of the Hopfield Continuum, " J. Chem. Phys. 4__22, 2984 (1965).

E. A. Mason, I. Amdur, and I. Oppenheim, "Differences in the Spherical

Intermolecular Potentials of Hydrogen and Deuterium, " J. Chem.

Phys. 43, 4458 (1965).
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SECTION B

ELECTRIC, MAGNETIC: AND OPTICAL PROPERTIES

OF MATERIALS AND APPLICATIONS TO DEVICES
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Office of Naval Research, Nonr-1841(72); NRO18, -106, DSR 8721

Advanced Research Projects Agency, SD-90, DSR 8881, 8891
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Research Report

i. 0 Band Structure Studies and Electronic Properties of Materials

During the past year the band structures of PbSe and PbS have been

determined. This includes all relativistic corrections. A _-_ analysis

was made in each case yielding the effective mass tensors and g-factors for

the valence and conduction bands at the (I 11 ) Brillouin zone edge. In

addition, the deformation potential tensors were evaluated for each band at

several symmetry points in k-space. This completes our band structure

study of the Pb salt family PbTe, PbSe, and PbS. Very satisfactory agree-

ment was obtained between these theoretical results and experiment.

In connection with the deformation potential work the theory of

pressure tuning of Pb salt lasers has been worked out showing that tuning

over a range of approximately 6-20 microns should be possible at relatively

modest pressures. This has been confirmed by experimental work at the

Lincoln Laboratory and Harvard University.

Attention is being turned now to the group V family As, Sb, and Bi.

The band structure of Bi has been completed and is in agreement with the

experimental picture, i.e., the bands represent a semi-metal with three

electron ellipsoids at L and the holes at T. A _-_ and deformation

potential analysis is now underway. Bands have also been found for As and

Bi assuming a simple cubic structure for the purpose of comparing these

bands with those for the correct crystal structure. This is desired in

order to understand why the group V elements chose a structure that can be

described as a slight distortion of the simple cubic form.

It is suggested that a multi-valley semiconductor is unstable with

respect to a Jahn-Teller type distortion which will lift the multi-valley

degeneracy. A consequence is that the elastic constants should be

dependent on the carrier density and strain dependent. Measurement of the

velocity of sound are now underway in a series of Pb salt samples to

investigate this proposal. The band structure of SnTe was determined as

part of this program since the elastic constants of this material are known

to be quite dependent on carrier concentration.

An experimental program is underway with the object of achieving

frequency modulation of a semiconductor laser by modulating its refractive

index using ultrasonic waves. Both diode lasers and optically pumped
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semiconductor cavities are being used. Only very modest acoustical

power is necessary to obtain a modulation index of sufficient magnitude to

divert a significant amount of energy into the sidebands.

2. 0 Magnetic Properties of Materials

The wavevector dependent spin susceptibility of an electron gas,

which is relevant to the stability of the paramagnetic state and to indirect

exchange effects has been studied by Dr. D. R. Hamann. The theory of

the susceptibility was derived in the linear-ized Havtree- Fock appvoxh_iation,

and this simple theory was used to investigate the susceptibility of a Fermion

system with statically screened interactions for a wide range of screening

lengths and densities. An effective Hamiltonian formulation was derived to

deal with the dynamic screening effects of electron correlations. The self-

energy of the dressed electron states described by this Hamiltonian was

evaluated in the vicinity of the Fermi surface. The theory of the suscepti-

bility including correlation effects was derived, and the susceptibility func-

tions are calculated for the electron gas at a number of densities in the

metallic region and one in the high density region. It was found that the

electron correlations remove the instability of the paramagnetic state

relative to infinitesimal antiferromagnetic deformations found by Overhauser

in the Hartree-Fock approximation.

A study of itinerant ferromagnetism is being carried out which

takes into account the Stoner excitations, spin waves, and degenerate bands.

The object of the work is to achieve a theoretical model which accurately

describes a ferromagnet both near 0°K and near the Curie temperature.

An experimental-theoretical investigation of NMR in semi-

conductors is being started. Use will be made of the Knight shift to study

the s-like character of energy bands.

Publications

J. B. Conklin, Jr., L. E. Johnson and G. W. Pratt, Jr., "Energy Bands

in PbTe", Physical Review, 137, A1282 (1965).

L. G. Ferreira, "Deformation Potentials of Lead Telluride", Physical

Review, 137, A1601 (1965).

D. R. Ha_mann, "Wavevector Dependent Spin Susceptibility of an Interacting

Electron Gas", Physical Review, in press.

S. Misawa, "Ferromagnetism of an Electron Gas", Physical Review, in

press.

G. W. Pratt, Jr. and J. E. Ripper, "Theory of a Pressure Tuned Lead

Salt Laser", Journal of Applied Physics, 3__66,1525 (1965).
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II. SEMICONDUCTOR MATERIALS AND DEVICES

1.0 Semiconductors and Semiconductor Devices

Personnel

Professor R.B. Adler, Professor, Electrical Engineering

Professor A.L. McWhorter, Associate Professor Electrical Engineering

Professor D.H. Navon, Associate Professor {Visiting}, Electrical

Engineering

Professor R.D. Thornton, Associate Professor, Electrical Engineering

Professor B.J. Clifton, Assistant Professor {Visiting}, Electrical

Engineering

Professor P.E. Gray, Assistant Professor, Electrical Engineering

Professor W.G. Mac, Assistant Professor, Electrical Engineering

Professor B.D. Wedlock, Assistant Professor, Electrical Engineering

Professor Y. Yacoby, Assistant Professor, Electrical Engineering

J. Brownson, DSR Staff, Electrical Engineering

D. Smythe, Instructor, Electrical Engineering

A. Kokkas, Teaching Assistant, Electrical Engineering

A. Debs, NSF Fellow, Electrical Engineering

T. Schlax, NSF Fellow, Electrical Engineering

A. Grey, Research Assistant, Electrical Engineering

A. Hartman, Research Assistant, Electrical Engineering

C.R. Hewes, Research Assistant, Electrical Engineering

R.H. Morrison, Research Assistant, Electrical Engineering

J. Shah, Research Assistant, Electrical Engineering

P. Showman, Research Assistant, Electrical Engineering

R. Siegel, Research Assistant, Electrical Engineering

H. Pearce, Research Assistant, Electrical Engineering

G.R. Taylor, Graduate Student, Electrical Engineering

C. Fonstead, Graduate Student, Electrical Engineering

H. St. Onge, Graduate Student, Electrical Engineering

R.B. Heik, Graduate Student, Electrical Engineering

M.H. Oppenheimer, Undergraduate Student, Electrical Engineering

W. Brennan, Technician, Electrical Engineering

W. Pitkin, Technician, Electrical Engineering

Elizabeth Gildersleeve, Secretary, Electrical Engineering
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Degrees Granted

Y. Yacoby, Sc.D., February 1965

R.B. Heick, S.M., February 1965

J.L. Hoffmeister, S.M., February 1965

A. Debs, S.M., June 1965

G.R. Taylor, S.M., June 1965

A. Kokkas, S.M., September 1965

D.P. Martin, S.B., September 1964

R. Seigel, S.B_ June 1965

M.H. Oppenheimer, S.B. , September 1965

Sponsorship

Advanced Research Projects Agency, SD-90, DSR 8881, 8891

U.S. Army Engineer Research and Development Laboratories,

DA-44-009-AMC-625 (T), DSR 5301

National Aeronautics and Space Agency, NsG-496 (part), DSR 4591

M. I.T. Solar Energy Fund

NSF Fellowship

Ford Foundation Fellowship

Research Report - Survey

The theme of the work undertaken here is the relationship be-

tween electronic device limitations and the materials employed. Limita-

tions may be inherent in the material itself, or may stem from problems

of technology associated with the material. Our efforts may therefore

span the range from attempting the description of circuit limitations of a

device in terms that relate closely to its structure, all the way to attacking

technological problems of importance in limiting ultimate device perform-

ance.

1. 1 Effect of Electric Field on Optical Absorption

Personnel: Professor Yacoby; J. Shah, C. Fonstead, H. St. Onge

Sponsorship: ARPA, SD-90, DSR 8891; NASA NsG-496 (part), DSR 4591

Research Report

Professor Yacoby has completed his theory of the Franz-Keldysh

effect in both direct- and indirect-gap semiconductors, and has experi-

mentally resolved and identified over a dozen different phonon processes
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in St. Thiswork is describedin hispublicationslistedbelow,andin one
to bepublishedin Phys.Rev., January16, 1966. ProfessorYacobyhas
alsoproposedamicrowavenegative-resistancedevicebaseduponthe
Franz-Keldysheffectandhascalculatedapotentialpowercapabilityof
about35mwof microwavepowerat 35gc(seepublicationsbelowand
alsoSection1.7).

Experimentalmeasurementof theFranz-Keldysheffectin Rutile
hasbeenmadeatliquid nitrogentemperaturebyProf. Yacobyin coopera-
tionwith Prof. F. Arntz (seeSectionB-H, paragraph4.0). Somefine
structureappears,whichdependsonthepolarizationof thelight. The
theoryof theeffectin generalfor highfrequencieshasbeenworkedout
by Prof. Yacoby. It is shownthatat very highfrequenciestheresults
leadto multiphotonabsorption,anexpressionfor whichhasbeenobtained.

Mr. Shahhasperformedmeasurementsof theFranz-Keldysh
effectin semi-insulatingGaAs. However,theresultsappearto be
affectedstronglyby inducedelectric fieldsoriginatingfrom slowtraps. A

separate study of these "persistent internal polarization" (PIP) effects is

being under taken with the cooperation of Prof. Cheraow (see Par. 4.0 of

Sec. BH).

Mr. St. Onge is getting ready to measure the effect of electric

fields on the luminescence spectrum of CdS.

Mr. Fonstead is preparing CdTe samples in order to measure the

Franz-Keldysh effect in them, both by transmission and reflection.

The s is

Y. Yacoby, "Optical Absorption in Silicon in Strong Electric Fields",

Se.D. Thesis, M.I.T., Electrical Engineering, September

1964 (also Joint Technical Report No. 9 Energy Conversion

and Semiconductor Laboratory and Center for Materials

Science and Engineering, ARPA SD-90, September 8, 1964)

Publications

Y. Yacoby, "Electric Field-Induced Optical Absorption in Solids and the

Fine Structure of the Stark Splitting", Phys. Rev. 140 ,

A 263, October 4, 1965

Y. Yacoby, "A Light-Activated Negative Resistance", IEEE Corres-

pondence, Proc. IEEE., 53, 179Z, Nov. 1965
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Y. Yacoby,

1.2

"Bulk Measurement of the Franz-Keldysh Effect in St",

Phys. Rev., February ii, 1966; Vol. 14Z, No. Z., p. 445

Interaction of Successive Diffusants in Silicon ("Collector Dip")

Personnel: Professor R.B. Adler; J. Brownson, A. Kokkas, M.

Oppenheimer, H. Pearce, R. Morrison

Sponsorship: ARPA, SD-90, DSR 8891

Research Report

Mr. Kokkas, following Mr. Martin's work last year, has re-

examined the theory of the equilibrium concentration of Shottky-and

Frenkel-type vacancies in n-and p-type materials. Taking into account

the fact that the electronic acceptor state for vacancies is in general at a

different energy than that of the normal substitutional acceptor impurities,

Mr. Kokkas finds a modified for of Longini and Green's results for the

excess concentration of vacancies in n-type material over that in p-type

material. In silicon, however, the theory leads to an excess only of the

order of a factor of 3, and this does not at first look encouraging for the

"vacancy enhancement" theory of "collector dip". In addition, Mr. Kokkas

and Mr. Brownson have made n+np structures, using Phosphorus and

Boron, with geometries similar to pnp or npn double-diffused transistors,
+

and we believe that the "dip" effect is absent in the n np case, although

overlap can be made to occur. This theoretical and experimental work

is reported in Mr. Kokkas' S.M. Thesis.

Mr. Oppenheimer, in his S.B. Thesis, has performed etch-pit

counts at all the junctions of a series of npn double-diffused structures

in which "collector dip" had definitely occurred. Quantitative analysis of

the results is difficult, but the penetration of the dislocations does not

appear to be as great as would be predicted by the previous work of Sato

and Arata, and that of Kawaramura and Yatsufuku. Thus the relation be-

tween the "dip" and the dislocations is still far from clear. Further work

on the whole problem is currently being done by Mr. Brownson, Mr. Pearc_

and Mr. Morrison. Pearce and Brownson have already begun to look for

interactions between successive diffusions in various combinations, such
+ + + +

as n rip, p np, p pn, n pn. They are doing this not only when the inter-

acting impurities enter from the same side of the starting sample, as in

conventional double-diffused transistors, but also when they enter from

opposite sides. Cases of some "collector pull" have been observed under
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the latter circumstances, and are soon to be compared in detail with the

"collector push" seen in the more conventional layer arrangement.

Morrison and Brownson, however, are following the dislocation work of

Oppenheimer by attempting to decorate the dislocations with Cu and ob-

serve their depth of penetration using infra-red microscopy. In spite of

substantial difficulties the method has promise of exhibiting more clearly

than is otherwise possible the topological relationship between the dis-

locations and a "pushed" configuration of junctions.

Theses

A. Kokkas, "The Collector Dip Phenomenon", S.M. Thesis, M.I.T.,

Electrical Engineering, September 1965

D. P. Martin, "A Theory to Explain Collector Dip", S.B. Thesis, M.I.T.,

Electrical Engineering, September 1964

"Interstitial Enhancement of Group III and Group V

Impurities Diffusing in Silicon and Germanium", and "The

Interaction of Successive Diffusion Fronts in Germanium

and Silicon" Extensions to S.B. Thesis, M.I.T.,

Electrical Engineering, March 1965 (Internal Reports}

M.H. Oppenheimer, "An Observation of the Collector Dip Phenomenon in

Silicon", S.B. Thesis, M.I.T., Electrical Engineering,

September 1965

1. 3 Majority-Carrier Diodes

Personnel: J. Brownson, R.B. Heik, and G. Prada

Sponsorship: ARPA, SD-90, DSR 8891

Research Report

Mr. Brownson's work on N-N heterojuncti0ns in Si and Ge has been

concluded with his publication listed below. The transient performance of

the diodes was analyzed with the help of Mr. Heick's S.M. Thesis, and the

verification of the structure was aided by Mr. Prada's S.B. Thesis.

Some studies of the use of the capacitance of Shottky barriers in

reverse bias to measure resistivity profiles in n-type epitaxial Si films

have been carried out by Mr. Brownson. In a report now in preparation,

Mr. Brownson finds the method accurate to within about 12 percent. This
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work extends his previous "three-point probe" method (see Publications)

of measuring Si resistivity, to thinner layers, and to profile determination.

Theses

R.B. Heick, "Analytical Solution of Switching Transients in Abrupt N-N

Heterojunctions", S.M. Thesis, M.I.T., Electrical

Engineering, February 1965

G.M. Prada, "Temperature Dependence of the I-V Characteristics of

N-N Ge/Si Heterojunctions", S.B. Thesis, M.I.T.,

Electrical Engineering, June 1964

Public ations

J. Brownson, "High Speed Germanium-Silicon N-N Alloyed Heterodiodes",

Trans. Met. Soc. AIME, 233, 450, March 1965

"A Three-Point Probe Method for Electrical Characteri-

zation of Epitaxial Films", Jour. Electrochem. Soc., III,

8, 919, August 1964

I. 4 Thermophotovoltaic Conversion

Personnel: Prof. Wedlock; R. Siegel, A. Debs, G.R. Taylor, C.R. Hewes

Sponsorship: U.S. Army Engineer Research and Development Labs.,

DA-44-009-AMC-625 (T), DSR 5301.

Research Report

Professor Wedlock and his group have devoted their main effort

to theoretical and experimental study of germanium p-i-n diodes for

thermophotovoltaic energy conversion applications. Of particular concern

has been a device geometry with interdigital p and n junctions on the sur-

face opposite that which receives the input radiation. Design data has

been obtained on the desired finger width and spacings as well as for opti-

mum thicknesses for the expected range of operating wavelengths. At

present, evaporation techniques are being applied to the fabrication of

these interdigital diodes.

The problem of collection efficiency under high injection has been

studied both theoretically and experimentally, with the result that the usual

high-injection recombination laws appear adequately to cover this situation.
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The study of high-level injections effects is presently being ex-

tended to cover the theoretical V-I characteristics under illumination and

appears to explain some anomolous behavior of the observed experimental

data.

Planar P-I-N diodes are being fabricated to determine the validity

of the theoretical model and thus determine the optimum design for a com-

plete TPV converter unit.

Theses

A. Debs, "Lifetime of Carriers in Intrinsic Semiconductors Under

Conditions of High Injection", S.M. Thesis, M.I.T.,

Electrical Engineering, June 1965

R. Siegel, "P-I-N Thermophotovoltaic Energy Converters", S.B.

Thesis, M.I.T., Electrical Engineering, June 1965

G.R. Taylor, "Experimental Study of a Germanium Photovoltaic Energy

Converter", S.M. Thesis, M.I.T., Electrical Engineering,

June 1965

Publications

B.D. Wedlock, " Investigation of Germanium Diodes for Thermophotovoltaic

Energy Converters", Final Technical Report 9/15/64 -

9/15/65, U.S. Army Engineer Research and Development

Labs., Ft. Belvoir, Va., DA-44-009-AMC-625 (T)

1.5 High-Injection Effects in Semiconductors

Personnel: Professor P.E. Gray; A. Grey, A. Hartman, T. Schlax,

D. Smythe

Sponsorship : M.I.T. Solar Energy Fund

Research Report

Professor P.E. Gray and his students are studying charge-

carrier mobility, diffusion, and recombination phenomena in semiconduct-

ors under high injection conditions. They are interested in conditions for

which the excess carrier concentrations are large enough so that carrier-

carrier scattering and direct recombination are of significance, but the

carriers are not "hot". The experimental techniques used in this work
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involve both infra-red absorption probes for the direct determination of

carrier concentrations, and electrical probes for the observation of

electric potential distributions.

Three particular projects are now in progress: D. Smythe is

investigating carrier mobilities in the near-intrinsic region of broad-area

p-i-n structures in which large excess-carrier concentrations are obtained

by double injection; A. Hartman is studying the transient decay of excess

carriers in p-i-n structures recovering from pulsed high-current excitation;

A. Grey is completing a study of conductivity-modulation effects in a homo-

geneous bar in which large excess-carrier concentrations are produced by

optical injection.

1.6 Solid State Plasma Effects

Personnel: Professor May

Sponsorship: ARPA, SD-90, DSR 8891

Research Report

Professor May is studying a plasma instability in InSb which

radiates microwave power when subjected to a small dc electric field

( approximately I0 v/cm. ) and a dc magnetic field (approximately 3 kg. ).

The threshold and growth of the instability is being studied as a function

temperature in the range 64°K to 77°K in an attempt to verify a theory of

electron-phonon interactions by Muska and Bers. An understanding of this

instability may well lead to simple microwave oscillators or amplifiers.

i. 7 Semiconductor Devices

Personnel: Professor Navon, Professor Thornton, Professor Yacoby;

P. Showman

Sponsorship: ARPA SD-90, DSR 8891

i. 7. 1 Light-Activated GaAs Oscillator

Two basic models have been proposed for the light-activated GaAs

oscillator proposed by Y. Yacoby (see Par. 1.1). One involves depositing a

sub-micron GaAs layer epitaxially on a transparent GaP substrate. The

other requires the exitaxial deposition onto any semiconducting substrate

9
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(e. g. Ge), which can subsequently be removed from a small region by

etching. The germanium will support the thin GaAs layer, with the light

transmitted through the Ge opening. Such depositions have been made by

Lincoln Laboratory personnel for us. We are evaluating the electrical

characteristic of the GaAs-GaP and GaAs-Ge interface. In addition, an

attempt will be made to measure the layer thickness optically by inter-

face techniques, then the devices will be fabricated.

I.7. Z Microe!eetronics

Some elementary calculations have been made in an attempt to

determine the fundamental limitations of electrical matching of adjacent,

the small coupled, silicon monolethic integrated transistors. The imme-

diate application is to ascertain the absolute potential for differential

amplifier design, since differential stages are used extensively in the

design of linear integrated circuits. In addition, the noise margin and fan-

in, fan-out possibilities for digital integrated circuitry depend on matching

accuracy.

Statistical fluctuation in impurity concentration pattern definition,

diffusion problems, etc., are being considered to establish the optimum

matching of transistor input characteristics, especially at low current

levels.

Some elementary electron-beam work will be done in connection

with determining limitations in edge definition in silicon integrated transi-

stor patterns. This will be done by studying the cross-linking of polymers

(which should be suitable for etch-resist material) by electrons and the

subsequent variation of solvibility in organic solvents due to electron

exposure. The physics of electron beam polymerization action will be

investigated.

i. 7. 3 Solid-State Switching

A complete complement of equipment has been set up for the pro-

cessing of silicon devices and integrated circuits. Work has started,

initially in the direction of producing power transistors with high voltage,

high current capability (50 crops. 500 volts}. This, plus associated inte-

grated circuitry, to demonstrate the feasibility of kilowatt solid-state

commutation, is being pursued. Both optical and electrical sensors will

be used for phasing applications.
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i.8 Solid-State Commutation

Personnel: Professor Clifton

Sponsorship: ARPA SD-90, DSR 8891

Research Report

Work has been in progress to achieve solid state commutation of

a three-phase dc motor using silicon controlled rectifiers (SCRs} as the

power switching elements. A ring counter has been designed using low

power SCRs to provide reliable triggering of the power SCRs. Several types

of non-polar electrolytic capacitor have been investigated in an effort to

achieve reliable turn-off of the power SCRs. (Mr. Dan Hess worked on

these aspects as a term project}

Several schemes using magnetic materials have been considered

in the role of angular position sensors and these are to be investigated.

Theoretical work has also been in progress to evaluate the operation of the

three phase machine as adc motor. Methods for measuring the various

machine parameters have been considered and a series of inductance and

measurements are to be made on the machine.
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2.O Thermoelectric Processes and Materials

Personnel

Professor R. B. Adler, Professor, Electrical Engineering

Professor A. C. Smith, Associate Professor, Electrical Engineering

S. L. Liu, Research Assistant, Electrical Engineering

H. Mitarai, Graduate Student, Electrical Engineering

W .i-, ....... m ^t__z_z._ v:_ _ __: _1

W. Pitkin, Technician, Electrical Engineering

Donna T. Spencer, Secretary, Electrical Engineering

Degrees Granted

H. Mitarai, S.M., February 1985, E.E. June 1965

Sponsorship

Office of Naval Research, Nonr-1841(51), DSR. 7984

Research Report

The research program described here is concerned with the under-

standing of semiconductor properties and particularly the properties of

semiconductors which may be useful in energy conversion applications.

2.1 Epitaxial Fills of PbTe

Personnel: H. Mitarai

Sponsorship

Office of Naval Research, Nonr-1841(51 ), DSR. 7984.

A vacuum evaporator was constructed in order to grow films of

PbTe epitaxially on NaC1 substrates. Laue back reflection photographs

showed that single crystal films were obtained with this apparatus. Measure-

ments of the contact potential of PbTe relative to Pt were made, using a

vibrating capacit or technique (Kelvin method). Similar measurements were

made on cleaved PbTe. Taking the work function of Pt as 4.52 ev, the work

function of the PbTe films is (4.93 ± . 05) ev, while that of cleaved PbTe is

(4.64 ± . 05) ev. We have not determined the reason for this discrepancy

Theses

H. Mitarai, "Work Function Determination of Single Crystal PbTe Film",

S. M. -E. E. Thesis, M. I. T., Electrical Engineering, February 1965.
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2.2 Knight Shift in PbTe

Personnel: Professor A. C. Smith

Sponsorship

Office of Naval Research, Nonr-I 841 (51), DSR. 7984

Theoretical calculations of the wavefunctions and energy bands of

PbTe (Conklin, et al, Phys. Rev. 137, A. 1282 (1965)) suggest that the inter-

action of electron spins with the nuclear magnetic moments of Pb 207 and

Te 1 25 in PbTe will depend on whether the electrons involved are in the

conduction band or in the valence band. Thus the nuclear magnetic

resonances of Pb 207 and Te I 25 will be shifted by different amounts (Knight

shift) depending on whether the sample is n-type or p-type. We are

assembling equipment to perform these NMR measurements on n- and

p-type PbTe as a function of temperature.

2.3 Junction Potential in Silicon Carbide Diodes

Personnel: Professor R. lB. Adler, S. L. Liu

Sponsorship:

Office of Naval Research, Nonr-I 841(51 ), DSR. 7984

Theoretical work has been devoted to considering silicon carbide

junction diodes in which partial ionization of impurities takes place because

of the high band gap and impurity activation energy. A numerical integration

was performed on the IBM. 7094 to obtain the equilibrium potential, space-

charge concentration, and fraction of impurity ionization, as functions of

position, in the region near to and including the junction.

An extremely large extrinsic Debye length was found for the p-side,

which indicated that a significant region of non-neutrality exists at the edge

of the junction.

Calculation of the forward voltage at constant current, and the zero-

bias junction capacitance was carried out for varying temperatures, with

effects of partial ionization taken into account. In comparison with

germanium or silicon diodes, the silicon carbide diode does not have good

linear voltage-temperature characteristics at low temperatures, yet has

weaker temperature dependence for the zero-bias junction capacitance.

Finally, an attempt is being made to interpret the observed high

series resistance in a silicon carbide diode which has a linearly graded

junction. The model considered is the configuration made by adding a

linearly graded acceptor concentration into a material uniformly doped with

donors. It has thus far been found that in the case where the junction
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grading is sufficiently mold so that the ratio of acceptors to donors is

close to one in the quasi-neutral region, the mobile charge carrier

concentration becomes quite low and is likely to cause low conductance.

The sis

S. L. Liu, "Equilibrium Junction Potential in Silicon Carbide Junction

Diodes", S.B. Thesis, M. L T., Electrical Engineering,

February 1966.
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3.0 Solid State Energy Conversion Processes

Personnel

Professor John Blair, Associate Professor, Electrical Engineering

G. S. Almasi, Research Assistant, Electrical Engineering

A. W. Carlson, Research Assistant, Electrical Engineering

J. W. Conley, Research Assistant, Electrical Engineering

N. D. Cuong, Research Assistant, Electrical Engineering

P. J. Shaver, Instructor, Electrical Engineering

W. J. Brennan, Technician, Electrical Engineering

W. Pitkin, Technician, Electrical Engineering

Betsy A. Slaughter, Secretary, Electrical Engineering

Barbara A. Smith, Secretary, Electrical Engineering

Degrees Granted

J. W. Conley, Sc.D., February 1965

N. D. Cuong, S.M., June 1965

P. J. Shaver, Sc.D., June 1965

Sponsorship

National Aeronautics and Space Administration, NsG-496(part), DSR. 9827.

Research Report

The purpose of the research described here is to study fundamental

problems associated with photovoltaic and thermoelectric energy conversion

processes of interest for space power sources.

3.1 Optical Absorption Edge in CdTe

Personnel: J. W. Conley

Sponsorship

National Aeronautics and Space Administration NsG-496 (part)

This study of the details of the optical absorption edge at low tem-

peratures has been completed (see Theses). Absorption of photons with the

creation of an exciton and destruction of a longitudinal optical phonon has

been established as the mechanism responsible for the shape of the absorption

edge. The results are consistent with a direct energy gap.
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3.2 Thermal and Electronic Transport Properties of ZnSb

Personnel: P. J. Shaver

Sponsorship

National Aeronautics and Space Administration NsG-496 (part)

This study of the transport properties of ZnSb has been completed

(see Publications). The galvanomagnetic coefficients of this anisotropic

p-type semiconductor can be explained by assuming a single ellipsoidal

maxL,-num in the valence band. Estimates of the effective mass give

m I_ 0.4too, m 2-_ 0. Tm o, m 3_ 0.3too, where mois the free electron

mass. The thermoelectric figure of merit is largest along the c-axis and

is .74 x 10 -3 (°K)-I at 0°C.

3.3 A Graded Energy Gap Photovoltaic Device

Personnel: G. S. Alrnasi

Sponsorship

National Aeronautics and Space Administration NsG-496(part)

A great many experimental measurements of photo-effects in a

number of graded-gap devices have been completed. The devices are made

by diffusing HgTe into CdTe. The results are not consistent with the

simplest model of a semiconductor with an energy gap that varies with

position. The search for a suitable model and further measurements are

in progress.

3.4 A Multi-Transition pn Junction Photovoltaic Cell

Personnel: N. D. Cuong

Sponsorship

National Aeronautics and Space Administration NsG-496 (part)

This study of CdS photovoltaic cells has been completed (see Theses)

The photovoltaic response to photons with energy less than the energy gap

was studied particularly, since an enhancement of this response would allow

more effective utilization of the solar spectrum. This response apparently

arises from impurity levels and, in at least one sample, could be markedly

increased by simultaneous illumination with green light corresponding to the

energy gap. A model for this effect, involving depopulation of an impurity

level, was developed and explains the experimental results.
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3.5 __dx_n I _xSb Solid Solutions

Personnel: A. W. Carlson

Sponsorship

National Aeronautics and Space Administration NsG-496 (part)

Single crystals of CdxZn I -x solid solutions have been grown over

the range 0 __ x <_ I. Chemical analysis of composition is underway to

provide the calibration for later x-ray fluorescence analysis of samples.

We expect to investigate the free carrier absorption and Faraday rotation in

these samples. Since the samples are anisotropic, a careful theoretical

analysis and careful experimental technique will be required. The

theoretical analysis of free carrier absorption and Faraday rotation is now

underway.

Theses

J. W. Conley, "Absorption of Photons by Excitons with Assistance from

Phonons in a Polar Semiconductor", Sc. D. Thesis, M. I. T.,

Electrical Engineering, January 1965.

N. D. Cuong, "Multi-Transition pn Junction Photovoltaic Cell", S.M. Thesis,

M. I. T., Electrical Engineering, May 1965.

P. J. Shaver, "Thermal and Electronic Transport Properties of Zinc

Antimonide", Sc. D. Thesis, M. I. T., Electrical Engineering,

April 1965.

Public ations

P. J. Shaver, "Thermal and Electronic Properties of Zinc Antirnomde ,

Scientific Report No. I, NASA Grant 496 (part), M.I.T., DSR. 9827.

April 20, 1965. (This report is identical to Sc.D. thesis above.)
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4.0 Photoconductive Semiconductors and Devices Laboratory

Personnel

Professor Fred Chernow, Assistant Professor, Electrical Engineering

Professor Floyd Arntz, Assistant Professor, Electrical Engineering

G. Ruse, D.S.R. Staff, Electrical Engineering

M. Douma, D.S.R. Staff, Electrical Engineering

A. Chen, Research Assistant, _ec_rical Engineering

G. Eldridge, Research Assistant, Electrical Engineering

P. Engel, Research Assistant, Electrical Engineering

J. Case, Research Assistant, Electrical Engineering

W. Morton, Research Assistant, Electrical Engineering

E. Courtens, Research Assistant, Electrical Engineering

W. Matthews, Research Assistant, Electrical Engineering

P. Norris, Research Assistant, Electrical Engineering

L. Goodman, N.S.F. Fellow, Electrical Engineering

A. Fener, Undergraduate Student, Electrical Engineering

T. Kaplan, Undergraduate Student, Electrical Engineering

J. Bravman, Undergraduate Student, Electrical Engineering

Sponsorship

Air Force Materials Laboratory, AF. 33(61 5)-2199, DSR. 5348

Electro-Tec Corporation, DSR. 9420

Research Report

4.1 Thin Film Studies

The I-V characteristics of i000 A films of TiO 2 are under investiga-

tion. These films are prepared by first deposition a platinum electrode on a

glass slide, then depositing an overlay of titanium, oxidizing the titanium at

550°C for a period of twelve hours, and finally applying a back electrode of

gold, silver, or aluminum. All three back electrodes result in rectifying

contacts which appear to be caused by Schottky barriers.

A study of the preparation of tertiary films in ultra-high vacuum is

under progress. Films of BaTiO 3 are being prepared by two techniques.

The first consists of the grain-by-grain evaporation of BaTiO 3 powder and

the second by evaporation from a BaTiO 3 liquid pool that has been formed

on the surface of a single crystal.

Thin film photoconductors of CdSe have been prepared and their

photoconductive properties studied. They have the unusual property of
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having a constant sensitivity to wavelength over the entire visible spectrum.

The electroluminescence of thin film ZnS doped with Cu and Mn are

under investigation. Although these films can be operated at high brightness

levels, they suffer from very short lifetimes. The use of transparent

insulating oxide layers is at present being investigated as a means for

enhancing the eleetroluminescence lifetime.

4. 2 CdS Studies

Our program for the study of insulating single-crystal CdS is

continuing. High-speed flash experiments and their interpretations have

opened the way to understanding rectifying contacts made to these crystals.

Large electrostatic storage has been observed in the p-type crystals.

Surface charge densities of 10 -7 coulombs per sq. cm. can be developed on

30_-thick crystals by the simultaneous application of infrared and 20 volts

dc. In the dark this charge reduces to only 70% of its initial value after

I000 minutes' storage. Ultraviolet excitation of the crystal results in a

total release of the electrostatic charge.
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5.0 Thin Film Devices

Personnel

Professor J. G. Gottling, Assistant Professor, Electrical Engineering

Professor A. K. Susskind, Associate Professor, Electrical Engineering

Dr. tL Ando, Guest, Electrical Engineering (on leave from Osaka City

University)

A. A. Aponick, Jr., DSR Staff, Electrical Engineering

Dr. H. Ishida, DSR Staff, Electrical Engineering

W. S. Nicot, DSR Staff, Electrical Engineering

M. S. Cooper, Graduate Student, Electrical Engineering

W. J. Gajda, Graduate Student, Electrical Engineering

H. P. Jenssen, Undergraduate, Electrical Engineering

M. R. Oliver, Undergraduate, Electrical Engineering

S. Teicher, Undergraduate, Electrical Engineering

M. Blaho, Project Technician, Electrical Engineering

Degrees Granted

A. A. Aponick, S.M., June 1965

M. S. Cooper, S.M., September 1965

W. J. Gajda, S.M., June 1965

H. P. Jenssen, S.B., June 1965

M. R. Oliver, S.B., June 1965.

Sponsorship

Electronic Systems Laboratory, National Aeronautics and Space Agency,

NsG-496(part}, DSR. 6152.
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Research Report

5.1 Conduction Processes in Thin Films

Personnel: Professor J. G. Gottling, W. S. Nicol, M. S. Cooper,

W. J. Gajda, H. P. J enssen, M. R. Oliver

This research has been continued in order to obtain a better under-

standing of the predominant mechanisms by which conduction takes place in

evaporated thin films of CdS and between metal sandwich layers of these

films. This information is directly related to the construction of a thin-
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film active device. The following areas have been investigated:

5. i. 1 Thermallv Stimulated Emission Currents

Trapping energy levels in CdS films have been measured over the

temperature range 77°Kto 400°K, for various post-deposition treatments.

Consistent electron activation energies have been obtained from repeated

cycling of dark conductivity measurements over this temperature range.

5.1. 2 Metal-CdS Film Barrier Measurements

Measurements of barrier height and width, and immobile ion

density in the vicinity of the blocking contact of Au-CdS-Au diodes have

been made for diodes which had undergone different contact formation

processes. A simple technique of diode formation has been introduced by

directly evaporating a thin layer of sulfur and diffusing it into the CdS film

surface before deposition of the blocking contact.

5. i. 3 P-Type CdS Films

The effects of the addition of copper to thin films of CdS were

investigated by a number of techniques. It was concluded that p-type can be

produced by an amount of copper in the range I. 5 - 5.0 per cent by weight.

The Seebeck Effect was used as a primary means of determining carrier

type, although measured Seebeck coefficients were low.

P-N diodes were also successfully fabricated. However, the

reverse direction currents were fairly large. Capacitance was inversely

proportional to the one-half power of the reverse bias, as expected for an

abrupt junction.

Detailed information concerning the diffusion kinetics of copper into

CdS was gathered and two hypotheses explaining the p-type doping effect of

copper have also been proposed.

5. I. 4 Voltage De-excitation of Evaporated Films

It has been shown experimentally that the conductivity of thin CdS

films, increased by an order of magnitude with optical stimulation, can be

restored, or "de-excited", to its original value by the application of voltage

pulses. The variation of this de-excitation with pulse amplitude and

duration has been obtained. Several possible mechanisms have been

investigated.

5. i. 5 Current-Controlled Negative Resistance in Evaporated Films

Current-controlled negative resistance in CdS diodes has been

investigated under the application of steady and low-frequency applied fields.

Pair production by avalanche is indicated as the predominant mechanism.

5.2 Double- Layer Interference in Air- CdS Films

Personnel: Professor J. G. Gottling, W. S. Nicol
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Fringe-step displacements have been observed in CdS films

deposited over reflecting metallic films. The fringe-step structure is

accounted for by a Fresnel reflection-coefficient analysis of double-layer

multiple reflection within the dielectric and an air film, formed between the

cadmium sulfide film and a half-silvered mirror. The analysis provides a

basis for film-thickness measurement of nonabsorbing dielectric films when

it is not convenient to apply an overlay film to measure the film thickness

by Fizeau fringe shift.

5.3 Study of CdS Thin-Film Vacuum Analog Triodes

Personnel: A. A. Aponick, S. Teicher

An investigation of thin-film gold structures on CdS has shown that

gridlike structures with 40 - 50 per cent open area and sheet resistance

1 2 - 50 Q/sq. can easily be fabricated.

An investigation has been made of the possibility of incorporating

these structures into active vacuum-analog devices. Two of the basic

problems in achieving this goal have been solved.

The first of these problems, that of insulating the grid structure

from the CdS in which it is imbedded, was solved by using aluminum grid

material and insulating it with a combination of blocking contact and oxide

insulating layer.

The second of these problems, that of achieving a non-linear

conduction law in essentially ohmic polycrystalline CdS, was solved by

employing an emitter which makes blocking contact to the CdS. The grid

is then used to "pull" electrons over the barrier thus induced in front of the

emitter, in an "enhancement" mode.

The characteristics of such a device which operates in the

expected way but which produces less than unit gain have been obtained.

Research is continuing to find the variation of device gain with

aperture size for an aluminum grid, to obtain the best position for the grid

in the enhancement mode operation, and to investigate if "normal" triode

operation can be obtained with space-charge-limited currents at an ohmic

emitter contact.

5.4 Coincident Frequency Memory using Thin Magnetic Films

Personnel: Professor A. K. Susskind, H. Ishida, W. S. Nicol

The non-destructive read-out of information from a thin NiFe

magnetic film has been successfully demonstrated using an r.f. coincident
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frequency method.

Research into the factors influencing the writing of information is

continuing. The fabrication of magnetic films which have properties better

suited for use as coincident-frequency memory elements is also being

carried out. The domain structure of films into which information has been

written in the memory is being examined by the Bitter Technique.

Theses

Aponick, A. A., Jr., "An Investigation of Thin-Film Gold Structures on

CdS", S.M. Thesis, M.I.T., Electrical Engineering, June 1965.

Cooper, M. S., "Variation of Differential Capacitance of Cadmium Sulfide

Thin-Film Diodes", S.M. Thesis, M.I.T., Electrical Engineering,

August 1965.

Gajda, W. J., Jr., "Hole Conduction in Thin Films of CdS", S.M. Thesis,

M. I.T., Electrical Engineering, June 1965.

Jenssen, H. P., "De-excitation of CdS Films by High Electric Fields",

S.B. Thesis, M.I.T., Electrical Engineering, June 1965.

Oliver, M. R., "Negative Resistance in Cadmium Sulfide Thin Film Diodes",

S.B. Thesis, M.I.T., Electrical Engineering, June 1965.

Reports

"Conduction Processes in Thin Films", Status Report ESL-SR-245,

June 1965.

"Conduction Processes in Thin Films", Status Report ESL-SR-256,

December 1965.

"A Study of CdS Thin-Film Vacuum-Analog Triodes", Memorandum

ESL-TM-247, Aponick, A. A., December 1965.

"Aerospaceborne Guidance Computer Analysis and Synthesis", Interim

Technical Documentary Report No. 5, ESL-IR-217, October 1964,

pp. 40-49.



SECTIONB - ELECTRIC,MAGNETIC,ANDOPTICALPROPERTIES 91
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Dr. R. Mykolajewycz, DSR Staff, Electrical Engineering

Dr. K. V. Rao, DSR Staff, Electrical Engineering

E. F. Farrell, DSR Staff, Electrical Engineering
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M. J. Redrnan, DSR Staff, Electrical Engineering

A. Vetrovs, Technical Assistant, Electrical Engineering

K. L Bangerskis, Technical Assistant, Electrical Engineering

R. L. Curtis, Research Assistant, Electrical Engineering

T. G. Davis, Research Assistant, Electrical Engineering

J. G. Kawamura, Research Assistant, Electrical Engineering

F. Martino, Research Assistant, Physics

T. Stewart, Technician, Materials Center

D. Radcliffe, Secretary, Electrical Engineering

Personnel who have left during the period

Dr. K. V. Rao (left November 26, 1965). Returned to India to take up an

appointment at the Indian Institute of Technology, Kharagpur.

M. J. Redrnan (left November 30, 1965). Resigned to take a post at the

Kennecott Copper Corporation, Lexington, Massachusetts.

Degrees Granted

T. G. Davis, M. Sc., June 1965.

Sponsorship

Air Force Cambridge Research Laboratories, AF. 19(628)-395, DSR. 91 66.

Office of Naval Research, Nonr-3963(20), DSR. 4638.

United States Army Engineer Research and Development Laboratories,

DA-44-009-AMC-1117(T), DSR. 4950.

Mithras Inc. (sub-contract) - DSR. 4955.

Advanced Research Projects Agency SD-90, DSR. 5111, 8883, and 8894.
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Research Report

i. 0 Chemical Preparation of Feed Materials

Personnel: D. Gabbe, M. J. Redman, K. Bangerskis, A. Vetrovs

Sponsorship:

U.S. Army Engineer Research and Development Laboratories,

DA-44-009-AMC-III7(T), DSR. 4950.

Air Force Cambridge Research Laboratories, AF. 19(628)-395,

DSR. 9166

i. 1 Preparation of Ferrous Oxide

Ferrous oxide was prepared, using the method of Blue and

Claasen (J. A. C. S. 7_]_1,3839 (1949). The method depends upon the

reactions

Fe + H20 (vapor _ FeO+ H 2

Fe304 + H 2 ) 3FeO + H20

Boats containing Fe and Fe304 are placed side by side in an evacuated tube

at 900°C. Water vapor is admitted and the above reactions take place.

After 3 days the tube is cooled quickly to prevent the decomposition

4FeO )Fe304 + Fe

I. 2 Zone-Refining of Fluorides

Commercial CaF 2 has been zone refined in a graphite boat with a

molybdenum liner in a vacuum. After 8 passes (II" boat, zone speed

2"/hour) the material in one end of the boat was perfectly clear, with

increasing cloudiness at the other end. The clear material showed no

impurity absorption in the infrared and short ultraviolet region. Barium

fluoride has been purified in the same way.

I. 3 Hydro-Fluorination of Fluorides

A furnace was designed in which the starting materials have been

treated by HF gas at high temperatures to convert any oxides to fluorides.

This furnace has been used to treat MgF 2, KF and RbF. MgF 2 has been

purified by this method successfully. KF material has a tendency to creep

out of the graphite boat. Clear KF has been obtained by melting the

material in a graphite crucible under vacuum.
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2.0 Crystal Orowth

Personnel: A. Linz, D. Gabbe, E. Farrell, V. Belruss,

K. Bangerskis, A. Vetrovs

Sponsorship

Office of Naval 1Research, Nonr-3963(20), DSR. 4638

U.S. Army Engineer Research and Development Laboratories,

DA-44-009-AMC-1117(T), DSR. 4950

Aii _ Fo_-ce Ca_nbridge Research Laboratories, AF. 19(628}-395,

DSR. 9166

Advanced Research Projects Agency SD-90, DSR. 8894

2.1 Growth from Solution

2.1.1 Potassium Nitrate (KNO3) -

Potassium Nitrate crystals are being grown from aqueous solution.

This material does not grow easily. Dendrite formation, severe veiling,

and spurious nucleation on the growing crystal are common. These

difficulties can be diminished by recrystallizing the feed material several

times, increasing the growth temperature and the stirring rate and

maintaining a low growth rate.

2. t. 2 Manganese di-Bromide (MnBr24H20}

Two clear MnBr 2. 4H20 crystals were grown from aqueous solution.

The feed material was prepared by reacting reagent MnCO 3 with reagent

hydrobromic acid, followed by filtration to remove the MnO 2 present.

2.1.3 Potassium Ferroeyanide (K4Fe(CN) 6. 3H20)

Potassium ferrocyanide is unstable toward oxidation below pH9.

Near neutral pH's the oxidation is slow. At pH4 oxidation and decomposition

are rapid. A freshly prepared solution of recrystaltized (K4Fe(CN 6. 3H20)

has a pH of about 9. Attempts to grow crystals from a solution of the

reagent grade salt were not too successful. Twice-recrystallized feed

material has yielded crystals of better quality and larger size than were

obtained with unrecrystaltized material, yet the problems of cessation of

growth, of veiling, and of spontaneous nucleation remain.

2.1.4 Triglycine Sulfate (NH2CH2COOI-D3. H2SO4

Several TGS crystals were grown. The growth is routine and

proceeds without much difficulty.

2.2 Growth from the Melt

2.2.1 Alkaline Earth Fluorides

Crystals of CaF2, BaF2, and SrF 2 were pulled from their melts.
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Mixed crystals in the systems CaF2-SrF 2 and BaF2-SrF 2 were grown,

using either a pulling or a vacuum Bridgman method. No solid solution was

found inthe CaF2-BaF 2 system, and in preliminary experiments no single

phase was found in the ternary system BaF2-SrF2-CaF 2.

2. 2.2 Fluorides with Perovskite Structure

Techniques for the preparation of perovskite structure fluorides

are being studied. Crystals of KMgF 3 have been prepared and the optical

absorption and crystal perfection investigated. Work on preparation of

RbMgF 3 and RbMnF 3 is in progress.

2. 2. 3 Rare Earth Doped Calcium Fluoride

Calcium fluoride crystals containing 0.4% Ho 3+, Tm 3+, and Dy 3+

have been grown. The rare earth ions have been reduced, using the method

described by Guggenheim and Kane (Appl. Phys. Letters 4, 172 (1964).

2. 2.4 Potassium Magnesium Fluoride (KMgF 3)

Using a near 1 : 1 mixture of the purified component fluorides,

weighed in a dry atmosphere, and using a tungsten wire as a seeding device,

crystals were pulled from a melt. On x-ray analysis these crystals proved

to be KMgF 3. From these crystals seeds were obtained which were used in

further crystal growth.

2. 2. 5 OH doped Potassium Chloride (KC1)

Several KC1 crystals were pulled from melts containing up to 10%

KOH. The furnace atmosphere was N 2 and the crucible was graphite. KC1

and KOH form a limited series of mixed crystals. Nearly all of the OH in

the melt was converted to carbonate via a reaction with the crucible. The

carbonate and hydroxide content of clear portions of the crystals was

determined from the titration curve obtained by measuring pH as a function

of added standardized HC1.

2.2.6 Germanate (BaGe409) -

BaGe409 had previously been characterized by the N. B. S. as a

crystal belonging to the hexagonal system. The platinum wire seeding

technique was again tried, but better seed material was obtained from the

solidified melt. Using this seed and a melt composition 75 tool % GeO 2 and

25 mol % BaO, crystalline material was obtained from which good seeds

could be made. By varying the melt composition and seed orientation,

better material is being produced with each experiment. The material is

very hard and has a pink color which disappears on annealing. Clear single

crystal samples up to 3 x 3 x 6 mm have been obtained, although the boules

are still polycrystalline.
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2.3 Growth from Flux

2. 3.1 Ferroelectric Crystals

A variety of high-melting-point oxides are grown continuously by

this method, such as BaTiO 3, SrTiO 3, KNbO 3, KTaO 3, and some mixed

crystals. Since the crystals are grown by supersaturation they are of

better quality than those grown by other methods.

2.3.2 Barium Zirconate (BaZrO3) -

As BaZrO 3 cannot be grown in a similar way to barium titanate,

work has proceeded to find a suitable fluxing agent for the zirconate. A

borate flux was first tried but evaporation from the melt was high, Bismuth

oxide (Bi203) was considered a likely flux, but after several runs in which

no crystalline barium germanate was obtained, this material was abandoned.

Sodium meta-vanadate (NaVO 3) was then tried, but again a crystalline phase

of BaZrO 3 was not obtained. Chloride fluxes were avoided because of

evaporation. At present germanium dioxide (GeO 2) is being considered as

a possible flux.

2.4 Growth by Flame Fusion

This method has been used for growing spinels (MgO. A1203),

rutile (TiO2), strontium titanate (SrTiO3), transition metal oxides such as

nickel oxide (NiO), cobalt oxide (COO), and their solid solutions, manganese

oxide (MnO), and some others.
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3.0 Crystal Properties

Personnel: A. Smakula, A. Linz, J. Kalnajs, R. Mykolajewycz,

K. V. Rao, E. Farrell, A. Vetrovs, T. Davis

Sponsorship

Office of Naval Research, Nonr-3963(20), DSR. 4638

Mithras Inc. (sub-contract), DSR. 4955

Advanced Research Projects Agency SD-90, DSR. 5111 and 8894

Air Force Cambridge Research Laboratories, AF. 19(628)-395

DSR. 91 66

3. 1 X-Ray Diffraction Study of Alkaline Earth Fluorides

According to the literature and our experience, mixed single

crystals of CaF2-SrF 2 and SrF2-BaF 2 can be obtained j. CaF 2 and BaF 2

are also supposed to form solid solution (1 : 1 mole) with a minimum melting

point at 1022°C Tj-. Also BaF 2 with SrF 2 forms a solid solution with a

minimum melting point at 1080°C for the mixture 1 : 1 mole j-j-j'. Thus it is

very probable that all three can stay in one phase together and a ternary

melting point exist. As far as is known the ternary phase diagram is not

worked out as yet.

Attempts have been made to grow crystals in our laboratory from a

mixture of all three compounds, taking them in the proportion 1:1:1 mole.

The crystals grown from such a mixture are not of uniform transparency:

the top is almost clear, but the bottom section looks "spongy" inside.

Samples taken from bottom, middle, and top were checked by x-ray

diffraction for the crystalline phase composition. The recordings show one

single phase, but there is inhomogeneity in composition between bottom and

top - the spacings decreasing in the growing direction.

3. 2 High Precision Lattice Constant Determination

This was continued, using Norelco diffractometer and powder

samples. Lattice constants of NaC1, KTaO3, KMgF 3 have been redeter-

mined and x-ray densities computed and compared with densities obtained

by hydrostatic weighing. For this purpose our best single crystals were

selected. Homogeneities of various crystals were checked by the same

method. The effect of prolonged x-ray irradiation on NaC1 and Si poly-

crystalline and single crystal samples was thoroughly investigated. A small

j- E. G. Chernevskaya, Optika i Spektrosk. 1__0_0,640 (1961).

JJ- G. A. Bukhalova, A. Bergman, Zhurn. Obsch. Khimii, 21, 1570(1957)

j-j-j- Landolt-B_Jrnstein, II Band, 3 Teil, Schmelzgleichgewichte, S. 98,

Tabelle 22272.
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expansionof theNaC1latticewasobserved.
3.3 Physical Properties of Natural Diamonds

There are in the literature plenty of reports, but not too many

physical properties have been measured on the same sample. In connection

with our previous study (high-precision density determination), two polished

diamond windows of fairly large size were selected and measurements taken

of lattice constant, density, ultraviolet and infrared absorption, as well as

infrared reflection and electrical conductivity versus temperature. The

,. o .... propcrtles _ "_ _ l

paper published in Applied Physics Letters

3.4 Optical and Physical Properties

3.4.1 Optical Properties of Single Crystals

Reflectivity measurements were made in the infrared range from

I 0,000 to 300 wavenumbers (cm -1 ) for the following crystalline materials:

manganese oxide (MnO), iron oxide (FeO), magnetite (Fe304) , hematite

(Fe203) , potassium tantalate (KTaO 3) and sodium-potassium tantalate

(NaTaO 3 - KTaO 3) (atomic ratio Na : K = 6 : l ). From these measurements,

optical constants : refractive index and absorption index were computed.

Optical absorption was measured also directly, using thin samples

and pulverized material incorporated in KBr or TIBr (pellet method).

3.4.2 Growth and Physical Properties of Cr 3+ Doped Double

Oxide Crystals

Cr-doped crystals of the spinel solid solution MgO - A1203 have

been grown by the flame fusion method and the optical absorption spectra

studied at 300°K and 77°K. Chemical analysis shows considerable MgO

loss during the growth process. X-ray studies suggest that crystals up to

69 mole per cent A1203 (1 : 2.22 molar ratio) are probably non-cubic, while

those of higher alumina content are cubic.

The optical absorption spectra show a doubling of each of two well-

defined peaks in the visible region. The principal absorption is due to

electronic transitions of the Cr +3 ions in the normal octahedral site in the

spinel lattice, while the second set of peaks is thought to arise from Cr +3

ions in the interstitial octahedral site of the spinel lattice.

A comparison between Cr-doped natural and synthetic spinel

indicates that natural spinel is a stoichiometric, ordered structure, while

the synthetic spinel is a non-stoichiometric, disordered structure.

3.5 Dielectric Properties

3. 5.1 Dielectric Properties of Perovskites

In order to investigate low-temperature ferroelectric transitions,

mixed crystals of sodium tantalate-potassium tantalate were grown. The
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composition of the crystals grown varied from 2 per cent to 87 per cent

sodium tantalate. The ferroelectric, paraelectric and antiferroelectric

phases of the mixed-crystal system have been determined as functions of

temperature and crystal composition. Crystals containing less than 70 per

cent sodium tantalate are ferroelectric at low temperatures. The Curie

point changes continuously with composition from liquid helium temperature

to 65°K. Crystals containing more than 80% sodium tantalate are anti-

ferroelectric, with transitions to aparaelectric phase in the region 200°C -

500°C. The room temperature crystal structures and lattice constants for

the mixed crystals have been determined. Present effort is concerned with

determination of the crystal structure in the ferroelectric phase.

3. 5. 2 Dielectric Properties of Transition Metal Oxides

Dielectric constant K', lOSS K", and conductivity _ of single

crystals of CoO, NiO, and mixed crystals of CoO-NiO as a function of

frequency from 102 to I010 cps and temperature from -193°C to 400°C have

been determined. The dielectric constant K' is constant (12.9 at 25°C) in

the whole frequency range in CoO. It decreases with frequency in NiO and

mixed crystals CoO-NiO. In NiO K' reaches a constant value (ll. 9 at 25°C)

at 105 cps, and in CoO. NiO (12.3 at 25°C) at i0 I0 cps. The dielectric

constants extrapolated to 0°K are i0.9, I0.0, and 9.1 for CoO, CoO. NiO,

and NiO, respectively. In all crystals the dielectric constant increases

exponentially with temperature. Using modified Debye equations, two

thermal activation energies for K' have been obtained: 0.042, 0.027, and

0. 01 8 eV for temperatures below 40°C (frequency-independent region):

0.33, 0.20, and 0.16 eV for temperatures above 40°C for CoO, NiO, and

CoO. NiO (frequency-dependent region). The plot of log _ vs l/T gives

straight lines for CoO from 400 ° to 100°C, and NiO from 400 ° to 25°C with

activation energies 0.73 and 0. 66 eV. At lower temperatures the activa-

tion energies decrease continuously. The mixed crystals have two

activation energies, one at high temperatures and the other at low tempera-

tures. Variation of the activation energy with composition at high

temperatures is less than that at low temperatures. The variation of

activation energies in mixed crystals is correlated to lattice distortion and

an increase of trivalent ion concentration.

3. 5. 3 Dielectric Properties of Alkaline Earth Fluorides

Dielectric constant K' and dielectric loss K" of CaF 2, SrF2, and

BaF 2 single crystals were determined as a function of frequency from 102

to I016 (partly to i0 I0) c/s, in the temperature range from -193 to 500°C.

K' in all three crystals is frequency-independent at 25°C. The dielectric

loss K" varies only slightly with frequency, having the greatest values at
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lowest and highest frequencies. The temperature has a striking effect on K'

and K". K' increases continuously from 6.4, 6.1, and 6.9 (extrapolated

values at absolute zero) to 8.07, 7.70, and 8.46 at 500°C at frequencies

above 106 c/s for CaF 2, SrF2, BaF2, respectively. Below about 25°C, K'

is frequency-independent; at higher temperatures it increases with

decreasing frequency. _" increases with temperature exponentially and

decreases with frequency. A detailed interpretation of the frequency and

temperature influence on K' and K" was made. Using expansion and density

variation with temperature, a _eparatiou of electro_ic from atomic and

dipolar contributions was made. The total dielectric constant is sub-

divided into six terms (three electronic and three atomic).

3.5.4 Temperature Dependence of Dielectric Constant in Alkali

and Thallium Halide Crystals

The dielectric properties as a function of frequency and tempera-

ture have been studied. Both types of crystals behave similarly at higher

temperatures (above room temperature): the dielectric constant increases

exponentially with temperature and decreases with frequency. At lower

temperatures the dielectric constant of alkali halides increases, but in

thallium halides with CsC1 structure decreases with temperature, showing

Curie-Weiss character.

3.5. 5 Dielectric Anomalies in Silicon Single Crystals

Dielectric constant K' and dielectric loss _" of Si single crystals

with resistivities 1 2.5, 1,000, and 1 6, 000 ohm cm were measured in the

frequency range 103 to 109 c/s at temperatures from 4.2°K to 300°K. The

dielectric constant at 300°K decreases with frequency and reaches a constant

value of 12 above 107 c/s. The dielectric loss decreases linearly with

frequency in the whole frequency range. The variation of dielectric constant

and loss with temperature shows a sharp conductivity-dependent jump at

25°K. Below 25°K the dielectric constant and loss reach constant values.

The value of dielectric constant below 25°K corresponds to the square of

refractive index. Between 30 and 80°K the dielectric constant reaches a

frequency-independent plateau. The height of the plateau depends on the

conductivity of the sample. Above 80°K the dielectric constant is frequency

dependent and increases exponentially with temperature. The irregular

variation of dielectric properties is correlated to the formation and trapping

of charge carriers.
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4.0 Theory of Impurity States in Ionic Crystals

Personnel: F. Martino

Sponsorship

Advanced Research Projects Agency SD-90, DSR. 5111.

The general problem is to develop a theoretical treatment of deep

trap impurity states in ionic crystals which will require no experimentally

obtained parameters and will be fully quantum mechanical, that is,

automatically including consideration of overlap, exchange, and general

effects of finite ion size and structure - and will at the same time be

computationally practical. Specifically this method is to be applied to the

F-center in alkali halides. A practical solution, using rigorous LCAO

methods, is rendered impossible in most substances by the diffuse nature

of the valence orbitals, implying the necessity for solving anenormous

number of many center integrals. Thus a modification has been attempted,

using a linear combination of atomic orbitals centered at sites outside the

impurity region plus a sufficiently localized trial function centered at the

impurity region, satisfying the required symmetry and including variational

parameters. Numerical solution of the resulting energy equation depended

on developing in a form in which the sums over energy integrals are limited

to the number of sites over which the impurity acts and the number of sites

having ionic orbitals with appreciable overlap with the localized trial

function. New programs have been developed to compute the necessary

integrals, especially the many center integrals, in as efficient a manner as

possible, since in a variational calculation of this sort, necessary computer

time requirements can become quite unwieldy. Considerable efficiency has

been gained by writing subroutines which use the spherical symmetry of

closed ionic shells as well as the point group symmetry of the crystal.

Computation is at present being carried out at the M.I.T. Computation

Center.

Thesis

T. G. Davis, "Ferroelectric Properties of Sodium Tantalate - Potassium

Tantalate Mixed Crystals", M. Sc. Thesis, June 1965.

Final Reports

"Infrared Optical Materials with Transmission in the 8-14 Microns and

1 - i0 Millimeters Regions", Contract Nonr. 1841(88), DSR. 9193,

March iI, 1965.
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'_Growth, Physical Properties, and Optical Spectra of Cr +3 Doped Double

Oxide Crystals", Contract AF. 19(628)-3884, DSR. 5070,

July 16, 1965.

Papers Presented at Meetings

A. Smakula, "Color Centers in Alkaline Earth Fluorides", International

Symposium on Color Centers in Alkali Halides, University of

Illinois, Urbana, Illinois, 11-13 October, 1965.

A. Smak_la, "Color Cente,-s in Mixed Crystals of RbCI-RbB_ _ and

KBr-RbBr", International Symposium on Color Centers in Alkali

Halides, University of Illinois, Urbana, Illinois,

11-13 October, 1965.

A. Linz, V. Belruss, and C. S. Naiman, "Solution-Grown Perovskite",

Proc. Electrochem. Soc. Spring Meeting (May 9 - 13, 1985) p. 87.

A. Linz, E. Farrell, and C. S. Naiman, _'Optical Properties of Cr 3+

Doped MgO. xAl203" , Bull. Am. Phys. Soc., Series II, Vol. 10,

No. 5, p. 608, 1965.

A. Linz, C. S. Naiman, and J. Schwartz, "Transition-Metal Ions in

LaAIO3", Bull. Am. Phys. Soc., Series II, Vol. I0, No. 3,

pp. 330-331, 1965.

C. S. Naiman, B. Dibartolo, and A. Linz, "Effects of Excited-State

Absorption on a Ruby Light Amplifier", Proc. Summer 1965

Meeting of the Am. Phys. Soc., New York, 23-25 June, Bull. Am.

Phys. Soc., Series II Vol. I0, No. 5, pp. 607-608, 1965.

C. S. Naiman, B. DiBartolo, A. Linz, and R. Santoro, "Specific Heat and

Magnetic Properties of LaCoO3" , Bull. Am. Phys. Soc., Series II

Vol. 10, No. 3, p. 353, 1965.

Papers Published

P. J. Gielisse, L. C. Mansur, R. Marshall, S. S. Mitra, J. N. Plendl,

R. Mykolajewycz, and A. Smakula, "Infrared Properties of NiO,

CoO, and their Mixed Crystals", Journ. Appl. Phys. 3__66, 2441

(1965).

R. Mykolajewycz, J. Kalnajs, and A. Smakula, "Some Physical

Properties of Nearly Perfect Natural Diamond", Appl. Phys.

Letters, 6, No. ll, June 1965.

C. S. Naiman, R. Gilmore, B. DiBartolo, A. Linz, and R. Santoro,

N

"An Interpretation of the Magnetic Properties of LaCoO 3 ,

J. Appl. Physics, 3_66, No. 3 (Part 2), 1044-45, March 1965.

R. E. Newnham, M. J. Redman, and R. P. Santoro, "Neutron-diffraction
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study of Co3B206 , Zeit. Krist. 121, 6, pp. 418-424, 1965.

R. E. Newnham, R. P. Santoro, M. J. Redman, "Neutron diffraction study

of LiMnOP4", Journ. Phys. and Chem. Solids, 2__66,pp. 445-447,

1965.

K. V. Rao and A. Smakula, "The Dielectric Properties of NiO, CoO, and

their mixed crystals", J. Appl. Phys., 36, 2031 (1965).

K. V. Rao and A. Smakula, "Temperature Dependence of Dielectric

Constant of Alkali and Thallium Halide Crystals", J. Appl. Phys.

3_..66,3953 (1965).

A. Smakula, "Defects in Ionic Crystals", The Molecular Designing of

Materials and Devices, Editor: A. yon Hippel, MIT Press,

September 1965.

Papers Submitted and/or Accepted for Publication

K. V. Rao and A. Smakula, "Dielectric Properties of Alkaline Earth

Fluoride Single Crystals", accepted for publication in J. Appl.

Phys. 37, January 1966 issue.

K. V. Rao and A. Smakula, "Dielectric Anomalies in Silicon Single

Crystals", submitted for publication.
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IV. STRUCTUREANALYSIS

Personnel

Professor R. E. Newnham, Associate Professor, Electrical Engineering

R. P. Santoro, Research Assistant, Electrical Engineering

R. A. Mills, Technician, Electrical Engineering

Sponsorship

U.S. Air Force Materials Laboratory, AF. 33(615}-2199, DSR. 5349.

Advanced Research Projects Agency, SD-90, DSR. 8891.

Research Report

Olivine is a hexagonal close-packed analog to cubic close-packed

spinel. Both are M2XO 4 compounds with tetrahedral X cations and

octahedral M cations coordinated to a close-packed framework of oxygens.

Olivine crystallizes in preference to spinel for certain small X ions, such

as Be 2+, B 3+, Si 4+ and p5+ Transition metal ions occupy the distorted

octahedral sites; half possess inversion symmetry (M i) and the remainder

are in mirror-plane positions (Mm). The two sites differ in size as well

as symmetry, often giving rise to ordering.

In contrast to the magnetic properties of the spinel-ferrite family.

those of the transition-metal olivines have received little attention. The

compounds listed in the following table are all antiferromagnetic at low

temperatures, with several different magnetic structures. A theory

explaining the stability of the observed spin arrays has been developed

using the Lyons-Kaplan method.

Mi_Mm _ Peff e T N Magnetic Structure

Cr Cr Be 0 4 3. 2_B 13°K 28°K Complicated

Mn Mn Si 0 4 5.9 1 63 50 Collinear

1 3 Canted

Mn Ca Si 0 4 5.8 26 9 Collinear

Li Mn P 0 4 6.1 80 42 Collinear

Fe Fe Si 04 6.0 125 65 Collinear

23 Canted

Fe Ca SiO 4 5.7 12 _7 ....

Co Co Si 04 5.1 65 49 Collinear
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Mi---Mm X04 Peff 0 T N Magnetic Structure

Co Ca SiO 4 4. 8 0 17 Supercell

LiCo PO 4 5.0 100 22 Collinear

Ni Ni SiO 4 3. 2 7 34 Supercell

LiNi PO 4 3.3 80 22 Collinear

Magnetic susceptibility and neutron-diffraction measurements on

manganese, nickeland cobalt orthoborate were also completed. The three

transition-metal salts are isomorphous with the orthorhombic mineral

kotoite (Mg3B206) and are antiferromagnetic below 40°K. The siiicon and

oxygen positions in piezoelectric Bi4Si3012 were also determined by neutron

diffraction analysis.

Theses

R. P. Santoro, "Magnetic Properties of the Olivines", Ph.D. Thesis,

Electrical Engineering.

P. F. Seal, "Magnetic Properties of Ni3B206 '', S.B. Thesis, Electrical

Engineering.

G. S. Stallings, "Magnetic Properties of Mn3B206", S.B. Thesis,

Electrical Engineering.

Publications

R. E. Newnham, J. H. Fang, and R. P. Santoro, "Crystal Structure and

Magnetic Properties of CoTiO3", Acta Cryst. 17, 240 (1964).

R. Newnham, R. Santoro, J. Pearson, and C. Jansen, "Ordering of Fe and

Cr in Chrysoberyl", Am. Mineralogist 49, 427 (1964).

S. Nomura, R. Santoro, J. Fang and R. Newnham, "Antiferromagnetism in

Cobalt Orthosilicate", J. Phys. Chem. Solids, 2__55, 901 (1964).

S. C. Moss and R. E. Newnham, "The Chromium Position in Ruby",

Z. Krist. 120, 359 (1964).

E. F. Farrell and J. H. Fang, "Flux Growth of Chrysoberyl and

Alexandrite", J. Am. Ceram. Soe. 4__77, 274 (1964).

R. P. Santoro and R. E. Newnham, "Magnetic Properties of Chromium

Chrysoberyl", J. Am. Ceram. Soc. 4__7, 491 (1964).

R. E. Newnham, M. J. Redrnan, and R. P. Santoro, "Neutron Diffraction

Study of LiMnPO4", J. Phys. Chem. Solids, 266, 445 (1965).

L. G. Caron, R. P. Santoro, and R. E. Newnham, "Magnetic Structure of

CaMnSiO4", J. Phys. Chem. Solids, 26, 927 (1965).

G. ffensen, "The Crystal Structure of Bi2Ti4Oll , Lab. for Insulation
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Research, Tech. Report 198, April 1965.

J. H. Fang and R. E. Ne_vnham, "Crystal Structure of Sinhalite", Min. Mag.

3_55, 196 {1965}.

R. Newnham, R. Santoro, J. Fang, and S. Nomura, "Antiferromagnetism

in Nickel Orthosilicate", Acta, Cryst. 19, 147 {1965).

R. E. Newnham, M. J. Redman, and R. P. Santoro, "Neutron Diffraction

If

Study of Co3B206 , Z. Krist. 12_11, 418 (1965).

R. E. Newnham and M. J. Redman, "Crystallographic Data for LiMgPO4,

LiCoPO 4 and LiNiPO4", J. Arner. Cerarn. Soc. 488, 547 (1965}.

E. F. Farrell and R. E. Newnham, "Crystal-Field Spectra of Chrysoberyl,

Alexandrite, Peridot and Sinhalite", Amer. Min. {in press)

D. J. Segal, R. P. Santoro and R. E. Newnham, "Neutron Diffraction Study

of Bi4Si3012 , Zeit. Krist. (in press)

R. P. Santoro, R. E. Newnham, and S. Nomura, "Magnetic Properties of

MnSiO 4 and Fe2SiO4", J. Phys. Chem. Solids (in press}
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Wo MICROWAVE AND QUANTUM MAGNETICS

Personnel

Professor D. J. Epstein, Professor, Electrical Engineering

Professor F. R. Morgenthaler, Associate Professor, Electrical

Engineering

Professor T. S. Chang, " ................... Engineering_bbUCI_L_ Kl'Ol_bSOi', _I_Ctl'lCal

(Fulbright Visiting Scholar)

Dr. P. H. Cole, DSR Staff, Electrical Engineering

C. P. Hartwig, Research Assistant, Eiectricai Engineering

B. Hu, Research Assistant, Electricai Engineering

A. Platzker, Research Assistant, Electrical Engineering

L. Toeei, Research Assistant, Eiectrical Engineering

M. Wanas, Research Assistant, Electrical Engineering

R. A. Williams, Research Assistant, Electrical Engineering

J. L. Alien, Graduate Student, Electrical Engineering

S. Rezende, Graduate Student, Electrical Engineering

T. Stewart, Technician, Materials Center

Mrs. B. Baldassarre, Secretary, Electrical Engineering

Personnel no longer with the Group

J. F. Janak - now with I. B. M. Research Laboratories, Yorktown Heights,

New York

D. E. Eastman- now with I. B.M. Research Laboratories, Yorktown

Heights, New York

K. D. Gilbert - now with Watkins-Johnson Co., Palo Alto, California

J. F. Graczyk - transferred to Metallurgy Department, M.I.T.

W. J. Ince - returned to M. I. T. Lincoln Laboratory

D. I. Tchernev- now with Jet Propulsion Laboratory, Pasadena,

California

Sponsorship

Office of Naval Research, Nonr 1841(10), DSR. 7474

Advanced Research Projects Agency SD-90, DSR. 8881, 8891

Degrees Granted

D. I. Tchernev, Ph.D., Eiectrical Engineering, February 1965.

D. E. Eastman, Ph.D., Electrical Engineering, August 1965.

K. D. Gilbert, S.M., Electrical Engineering, June 1965.
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J. F. Graczyk, S.M., Electrical Engineering, June 1965

W. J. Ince, S.M., Electrical Engineering, August 1965

Research Report

Research within the Group falls into two major categories.

Prof. Epstein and his students are concerned with magnetic loss mechanisms

and the role they play in the magnetization process. The interest of

Prof. Morgenthaler and his students centers about the nonlinear interaction

of microwave magnons and phonons. Several high-resolution magnon-

phonon spectrometers have been built and these are currently being used to

study fundamental properties of ferrites, magnetic garnets and other

magnetic materials. Work is also being done on microwave devices

involving the generation of coherent phonons and photons by means of

nonlinear processes occurring in ferromagnetic resonance.

I. 0 Electrical Properties of Garnets

D.C. and A. C. conductivities of several single crystals of

Y3Fe5_xSixOl2 (0__ x c 0.140) have been measured over temperature range

50OKto 870°Kby Mr. Graczyk. The d.c. conductivity of pure YIG obeys

the relation _(t) = _o exp (-Ea/kT) over fourteen decades of conductivity

with the activation energy E a = I.I e.v. Silicon doped crystals are

intrinsic above about 400°K, but below this temperature show additional

activation energies. In the temperature range 400°K to about 125°K

activation energies lie between 0. 24 and 0. 33 ev depending upon doping;

below 125°K, a lower activation energy is found which again depends upon

doping and ranges from 0. 06 to 0. 08 ev.

The Seebeck coefficients, which have been measured over the

temperature range 200°K - 650°K, reveal that the Si-doped samples are

n-type, as anticipated.

In the a.c. conductivity measurements, peaks have been found in

the plots of loss tangent vs. temperature. This behavior, which is

suggestive of losses due to charge carrier hopping, will be investigated in

greater detail by Mr. Williams.
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2.0 Magnetic Losses

2. 1 Resonance Losses in Garnets

The results of resonance studies on silicon and calcium doped

single crystal YIG are reported in a doctoral thesis completed by

D. I. Tchernev.

Linewidth measurements on these crystals show the existence of

one or more peaks as a function of temperature, the position of the peaks

shifting with change in frequency. The best fit of the experimental data to

an analytical form is obtained using the phenornenological equation proposed

by Selden. Tchernev has succeeded in deriving this equation from a

theoretical model based on an anisotropic exchange interaction between the

relaxing ion (Fe 2+ in silicon doped YIG, Fe 4+ in calcium doped crystals) and

its neighbors.

Magnetic anneal has a pronounced effect on lhe resonance

properties of doped garnets. The linewidths for annealed samples are

substantially lower than for samples cooled to liquid helium in zero field.

2.2 Three Magnon Splitting Process

Spin wave modes near k = 0 can be relaxed by a splitting process in

which a magnon splits into two of lower energy if the effective d.c. magnetic

field is sufficiently small. SchlSmann has calculated the relaxation time

for the mode k = 0, O = w/2 for this process. Professor Janak has

extended the calculation to modes with small k and other values of Ok.
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3. 0 Magnetic Domains

3. i Domain Wall Motion in Garnets

The dynamics of wall motion in garnet crystals is being studied by

Mr. Wanas. Large single crystals of pure and doped YIG have been grown

and from these a number of "picture-frame" samples have been cut. The

preparation of suitable samples involves careful control of sample geometry

and also requires a magnetic anneal through the Curie point.

The motion of bound and free walls as a function of driving field and

temperature is currently being studied.

Mr. Hu plans to examine the domain structure of our "pieture

frames", using the Kerr magneto-optic effect.

3. 2 Antiferromagnetic Domains

Mr. Gilbert has investigated the domain structure and magnetic

properties in single crystals of NiO in its antiferromagnetic phase.

Measurements of magnetic susceptibility in this material are complicated

by the presence of antiferromagnetic domains. Such domains are separated

by two kinds of domain walls: T - or twin walls and S - or spin rotation

walls. The former can he removed by a stress-anneal technique; the

latter by application of a magnetic field in excess of 3000 oersted.

Measurements of magnetic susceptibility in untwinned crystals give for the

= 4 x l0 -6 emu/gm. There are two perpend-
parallel susceptibility )_ _1

icular susceptibilities, ,7<ii obtained with the applied field in the plane of the

spins and "_L2 obtained when the applied field is perpendicular to the spin

plane. Measured values are_(_j_l = I0.8 x I0-6, )_12 = 7.7 x 10-6 emu/gm.
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4.0 Parallel- Pump Spectroscopy

4.1 Photon-Pumped Magnon Instabilities

Instability thresholds for parallel-pumped magnons in a two-

sublattiee ferrimagnet have been derived by Professor Morgenthaler by

means of a perturbation method. Cases have been considered in which the

pump frequency is twice a particular magnon frequency (dipolar-pumping)

or else the sum of two distinct magnon frequencies - one belonging to each

branch of the spin wave dispersion relation (exchange-pumping). The

calculations, made within the molecular field approximation for a single

crystal of ellipsoidal shape, include the effects of the volume dipolar energy

as well as those due to unequal g-factors of the subtattices. The thresholds

appropriate to an "unflopped" antiferromagnet when the dc magnetic field is

applied parallel to the anisotropy axis have also been derived.

4.2 Phonon-Pumped Magnon Instabilities

A phonon traveling in a magnetically saturated ferromagnet

generates an effective magnetic field that can parametrically couple to spin

waves. This field has the phonon momentum and hence spin-wave excitation

by a traveling-wave pump is possible. Dr. H. Matthews of Bell Telephone

Laboratories and Professor Morgenthaler have collaborated on the initial

analysis and experimental verification of this effect in Ga-doped YIG. The

analysis has been extended to include pumping of a ferromagnet with trans-

verse as well as longitudinal elastic waves and (for longitudinal waves) to a

two-sublattice ferrimagnet, in particular, an antiferromagnet in the

"flopped" or "unflopped" state. The latter analysis has shown that exchange-

pumping is possible (even though photon-exchange pumping is not) and may

lead to very low threshold values of phonon-pump power. The antiferro-

magnet RbMnF 3 appears to be an ideal material on which to attempt this

type of phonon-magnon interaction. Detailed studies of this material are

proceeding.

4.3 Photon-Pumped Magnetoelastic Waves

Dr. Cole has completed the development of the 8-ram high power

spectrometer described previously. Magnetoelastic instability-threshold

curves for a series of Ga-doped YIG samples have been taken and the results

are of unexpected form. To assist in their interpretation a general analysis

of the longitudinal pumping of magnetoelastic waves near the magnon-

transverse phonon cross-over region has been performed. Variation of

the directions of propagation and the applied field within the crystal lattice

are taken into account and the effects of magnetic, elastic and magneto-

elastic anisotropy are included.
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When the applied field Hdc is in a tOO] direction, the theory gives

a magnetoelastic dispersion relation in agreement with previous treatments.

When Hdc is in a [111] direction, the assumption normally made of the

polarization of the body displacement vector along Hdc is not correct and a

new dispersion relation is obtained. This correction modifies the

calculation of magnetoelastic constants from experimental data. Variation

in the direction of propagation of the unstable magnetoelastic wave is found

to be of importance in determining the asymmetry and size of the phonon pip.

Calculation of the elastic mode Q-factors, taking into account this

variation, give elastic mode Q-factors substantially lower than otherwise

would be obtained.

5.0 Phase Velocity Modulation of Magnetoelastic Waves

A ferrimagnetic immersed in a spatially non-uniform time

varying magnetic field has a non-uniform refractive index insofar as

magnon propagation is concerned. As is well known, a magnon of frequency

¢_ travelling in such a medium will undergo variation of its wave number k.

In regions where the energy and momentum of the magnon matches that of

an appropriate phonon, efficient magnon-phonon conversion can occur.

Professor Morgenthaler has considered the complimentary situation,

namely, the propagation of magnons in a time varying but spatially uniform

magnetic field. In this instance conversion can occur at constant k due to

the variation of 0_. A variety of interesting effects should be obtained by

combining propagation at constant _ and variable k with propagation at

constant k and variable ¢0. In particular, a theoretical study of pulsed

frequency conversion of phonons in an axially-magnetized magnetoelastic

rod has been made.
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6.0 _¥Iagnetoelastic Studies of Ferrimagnetic Insulators

Mr. Eastman has completed his ultrasonic determination, at room

temperature, of the magnetoelastic and the anelastic constants of single

crystal YIG. The group velocity of selected magnet0elastic modes was

measured as a function of magnetic field strength, magnetization orientation

and applied stress. In this manner, the first-order and intrinsic second-

order magnetoelastic constants, second-order "morphic" constants, and the

third-order elastic rnoduii were completely determined for YIG.

Mechanical and magnetic equations of motion were formulated using

a finite deformation magnetoelastic theory suitable for describing second-

order and higher-order magnetoelastic effects. Because of the high

sensitivity of the measurements, it was possible to experimentally

distinguish between the usual infinitesimal strain theory and the correct one.

The high resolution spectrometer built for the above work has been

used for similar studies in single crystal lithium ferrite. Mr. Platzker,

who is continuing the ultrasonic research, is designing a new sample holder

for operation at cryogenic temperatures. He will be investigating the

properties of doped garnets and antiferromagnetic crystals such as

RbMnF 3. He has also determined the elastic constants of lead sulfide

(in collaboration with Mr. B. Golding of the Metallurgy Department).

7.0 Magnetic Studies of the Antiferromagnet RbMnF 3

Mr. Ince has completed a preliminary study of the magnetic

properties of the antiferromagnet RbMnF 3. Below TN, and as reported by

other workers, RbMnF 3 orders into a simple two-sublattice antiferro-

magnetic phase in which the exchange interaction is strong and the cubic

anisotropy is very weak. For small applied dc magnetic fields, the static

equilibrium positions of the sublattice magnetizations is therefore in general

multivalued.

Measurements of the dc susceptibility have been made on powder

and single crystal specimens for the range of applied field 0-12 Koe

and over the temperature range 4.2 - 300°BL The field region in which

spin flopping of the parallel domains is expected was studied in some

detail.

A simple model, in which Hdc and M are restricted to a 110

plane has permitted solution of the static equilibrium problem. X-band

resonance experiments were carried out and compared, with reasonable

agreement, to a resonance theory which incorporated the equilibrium

solution.
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8. 0 Microwave Ferrite Devices

Spin waves are a major cause of the deterioration in performance

of many ferrite devices, the ferromagnetic amplifiers in particular. Work

is continuing on a study of parametric interactions in YIG with particular

emphasis on spin-wave suppression. Mr. Hartwig has placed in operation

a system for the multi-frequency excitation of ferrimagnetic insulating

samples. It consists of a medium power (up to I0 watts) parallel-pump

spectrometer at 9.2 Gc., a medium power (up to 10 watts) FMR spectro-

meter at 4. 59 Gc., 4. 61 Gc. or 8. 38 Gc., with a medium power (up to

25 watts) modulation excitation at 0. 5 - 2.0 Mc. The heart of the system

is a coil-cavity assembly resonant at each of the above frequencies.

Preliminary studies, both experimental and theoretical, have

shown the feasibility of electronically varying the threshold of spin wave

excitation by up to 15 db for parallel pumping and up to 7. 5 db for the

"second-order Suhl process". A theoretical model has been developed for

the normal FMR when subject to the various modulating fields necessary

for spin wave suppression. Experiments aimed at increasing the cone

angle of FMR above the usual threshold have proven successful. Efforts

to develop a theoretical model which explains the degradation of the

suppression efficiency (when the modulating frequency drops below the

relaxation frequency of the material) are continuing.

A useful by-product of this research is a model developed to

explain experimental observations when the sample is strongly coupled to

the cavity resonance. This has led to a useful technique for measuring

filling factor as opposed to using a calculated value for the interpretation of

data.

Publications

D. J. Epstein, "Magnetic Shielding", Proc. IEEE 5_3_3, 655 (1965).

D. J. Epstein, "Magnetization Process"; Ch. 11 in "The Molecular

Designing of Materials and Devices", edited by A. R. Von Hippel,

The M. I. T. Press, Cambridge, Mass., 1965.

F. R. Morgenthaler, "Phonon-Pumped Magnon Instability in an Antiferro-

magnet", Phys. Rev. Letters, i_44, 907 (1965).

F. R. Morgenthaler, "A Survey of Nonlinear Magnon-Phonon Interactions

in Ferrites", IEE Conference Publication No. 13, International

Conference on the Microwave Behavior of Ferrimagnetics and

Plasmas, September 1965.

F. R. Morgenthaler, "Parallel-Pumped Magnon Instabilities in a Two-
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Sublattice Ferrimagnetic Crystal", Journ. Appl. Phys. 3_66,

3102 (1965}.

Publications in Press

F. R. Morgenthaler, Phase-Velocity Modulatioi_ of Magnetoelastic Waves,

Journ. Appl. Phys. 3__7, April 1966.

Papers Presented at Meetings

The _-_ .... :--• w_,_,_ papers were presented at thc 19_5 Magnetics

Conference and will be published in a Spring 1966 supplement to the Journal

of Applied Physic s :

P. H. Cole, "Parallel Pumping of Magnetoelastic Waves"

D. E. Eastman, "Second-Order Magnetoelastic Properties of Yttrium Iron

Garnet"

R. P. Hunt, "Induced Anisotropy of Silicon Doped YIG"

W. J. Ince, "Antfferromagnetic Resonance in RbMnF 3 Below the Spin Flop

Transition"

D. I. Tchernev, "Frequency-Dependent Anisotropy of Silicon and Calcium

Doped YIG"

Technical Reports

Technical Report No. 1: "An Ultrasonic Study of Magnetoelastic and

Anelastic Properties of Yttrium Iron Garnet". D. E Eastman,

September 1965.

Technical Report No. 2: "Magnetic Studies of the Antfferromagnet RbMnF3" ,

W. J. Ince, September 1965.

Technical Report No. 3: "Phase- Velocity Modulated Magnetoelastic Waves",

F. R. Morgenthaler, October 1965.

Technical Report No. 4: "Induced Anisotropy of Silicon Doped YIG",

R. P. Hunt, November 1965.

Technical Memoranda

Technical Memorandum No. 1: "A Selected Bibliography on Magnetoelasticity,

Ultrasonics and Elasticity", D. E. Eastman, January 1966.

Theses

D. E. Eastman, "An Ultrasonic Study of Magnetoelastic and Anelastic

Properties of Yttrium-Iron Garnet", Ph. D. Thesis, M.I.T.,

Electrical Engineering, August 1965.

D. I, Tchernev, "Ferromagnetic Resonance in Silicon and Calcium Doped
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Garnets", Ph.D. Thesis, M. I T., Electrical Engineering,

February 1965.

K. D. Gilbert, "Domain Structure and Magnetic Properties of Nickel Oxide",

S.M. Thesis, M, I. T., Electrical Engineering, June 1965.

J. F. Graczyk, "Electric Conduction in Pure and Doped Single Crystal

Yttrium-Iron Garnet", S.M. Thesis, M. I. T., Electrical

Engineering, June 1965.

W. J. Ince, "Magnetic Studies of the Antiferromagnetic RbMnF3" ,

S.M. Thesis, M.I.T., Electrical Engineering, August 1965.
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VI. MASS SPECTROMETRY

Personnel

Professor C.

K. L. Wang,

F. M. Roddy,

M. D. Brody,

E.

K. Crawford, Assistant Professor, Electrical Engineering

Graduate Student, Electrical Engineering

Graduate Student, Electrical Engineering

Undergraduate Student, Physics

Venturini, Undergraduate Student, Electrical Engineering

Degrees Granted

F. M. Roddy, S.B., Physics.

D. F. Hubbard, S.B., Electrical Engineering

Sponsorship

Air Force Research and Technology Division, AF. 33(657)-10939, DSR. 9823

Research Report

This laboratory was set up to study electron impact ionization cross

sections, charged particle optics, and molecular beams.

1.0 Quadrupole Mass Spectrometer

A quadrupole mass spectrometer has been constructed which is

particularly well suited to measure electron ionization cross sections.

Four mass ranges covering from 1 to 400 ainu are provided and any part of

any range may be electronically swept and displayed on an oscilloscope.

Resolution may be changed electronically and has a maximum value of about

700, although transmission at this value is very low. Resolution is limited

primarily by dimensional inaccuracies in quadrupole lens assembly.

Several lenses have been designed and work in this area is continuing.

An electron multiplier output has been provided along with special

pulse electronics produce a standard-size output pulse for each incoming ion.

Integration of these pulses provides a current proportional to the rate of ion

arrival at the multiplier, independent of multiplier gain fluctuations. The

maximum counting rate determined by pulse overlap is about 106 particles

per second. For higher rates, the pulse standardizing electronics must be

disconnected and a conventional anode used with the multiplier.
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2. 0 Electron Impact Ionization Cross-Sections

A new method for measuring ionization cross sections has been

partially demonstrated. The technique involves intersecting several

electron beams with a single atomic beam; and has the capability of

measuring the absolute cross sections and mass flow rates for each

component of the multicomponent molecular beam. No useful cross section

data has been obtained thus far. A new method for constructing contamina-

tion proof ionization chambers was conceived and tested. It consists of

winding the ionization chamber out of the single strand of small diameter

tungsten wire. This wire may be flashed by passing a large current

through it, thus vaporizing all contaminating materials. Due to the averag-

ing in the center of the chamber of the various microcrystals work functions

forming the wire, the center potential should return to the same value after

each flash. In addition, if electron monochrometers could be constructed

with similar flashable wire construction, the absolute calibration of electron

energy would be possible.

3.0 Electron Monochromaters

The development of high resolution electron monochromaters has

been undertaken. Both the 90-degree sector and the 127-degree sector

type electrostatic analyzers have been built.

4.0 Atomic and Molecular Beams

Equipment had been procured for the feedback control of molecular

beams using the ion current generated by a cross electron beam. Sources

are heated either by resistance heating or by electron bombardment.
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5.0 Construction Techniques

A program to develop a new set of standard parts for construction

of electron guns, ion sources, electron multipliers, Knudsen cells, and

similar apparatus has been completed. The parts are produced by a photo-

etching process which has the advantage that they may be size scaled

photographically. Three different sizes, differing by factors of two, are

now in use. All the insulation is provided by high alumina ceramics. The

parts all_v,"_ , rapid L'_expensive _=_,,,,_v_"--of ,_,,,,_,_,_:_t_ul...... experiments a_-_d are

particularly well suited for thesis student use.

Publications

C. K. Crawford and F. M. Roddy, "Electron Ionization Cross Sections",

Semi-Annual Report No. 4, M. I. T., June 1965.

C. K. Crawford and F. M. Boddy, "Electron Ionization Cross Sections",

Semi-Annual Report No. 3, M. I. T., December 1965.

C. K. Crawford, "Contamination Proof Mass Spectrometer Ion Source",

Presented at the 1965 Am. Vac. Soc. Meeting. Abstract in

J. Vac. Sci. and Technology, 2, 280 (1965).

C. K. Crawford, "Improved Series of Ion Gun Parts", Rev. Sci. Instr. 36

844 (1965).
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Personnel

Professor B. L. Averbach, Professor, Metallurgy

Professor R. A. Brown, Assistant Professor, Metallurgy

Professor R. Kaplow, Assistant Professor, Metallurgy

Professor S. C. Moss, Assistant Professor, Metallurgy

Professor D. J. Sellmyer, Assistant Professor, Metallurgy

Dr. J. W. Brackett, Research Associate, Metallurgy

Dr. P. M. Gielen 1, Research Associate, Metallurgy, (until Dec/65)

J. Ahn, Research Assistant, Metallurgy

G. R. Caskey, NSF Trainee, Metallurgy

R. Currat, Research Assistant, Metallurgy

J. I. Dean, Research Assistant, Metallurgy

K. E. Erhardt, Research Assistant, Metallurgy

it. E. Fessler 2, Research Assistant, Metallurgy, {until Aug/65)

B. Golding, Research Assistant, Metallurgy

I. S. Goldstein, Research Assistant, Metallurgy

J. F. Graczyk, Research Assistant, Metallurgy

U. H. Lindborg 3, Research Assistant, Metallurgy, {until Feb/65)

K. R. Morash, NSF Trainee, Metallurgy
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R. S. Shemenski, NSF Trainee, Metallurgy

S. L. Spooner 4, Research Assistant, Metallurgy, (until Feb/65)

S. L. Strong, Research Assistant, Metallurgy

P. J. Tobin, International Nickel Fellow, Metallurgy

J. E. Woodilla, Research Assistant, Metallurgy

J. Zagarins, Research Assistant, Metallurgy

A. Renninger, undergraduate, Physics, (until June/65}

T. A. Rowe, undergraduate part time, Metallurgy

G. Pishenin, Engineering Assistant, Metallurgy

J. A. Adario, Technician, Metallurgy

Jeannette H. Daley, Secretary, Metallurgy

Lynn A. Siemen, Secretary, Metallurgy

1
CNRM, ABBAYE, DuVal Benoit, Liege, Belgium.

2
Battelle Memorial Institute, Columbus, Ohio.

3
AB Atomenergi, Box 9042, Stockholm 9, Sweden.

4
Georgia Institute of Technology, Atlanta, Georgia.
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Degrees Granted

R. E. Fessler, Sc.D., Metallurgy, June 1965

U. H. Lindborg, Sc. D., Metallurgy, June 1965

S. Spooner, Sc. D., Metallurgy, June 1965

P. M. Gielen, So. D., Metallurgy, October 1965

Sponsorship

The research listed here has been sponsored by the following agencies.

Specific sponsorship _;_ also 1__,__1_ under _at_:,l..... individual research report.

Office of Naval Research, Nonr- 1841(48), DSR 7954; Nonr- 1841(35},

DSR 7618

Atomic Energy Commission, AT(30-1)-2879, DSR 8954

National Science Foundation, NSF GP 2463, DSR 5078

Advanced Research Projects Agency, SD-90, DSR 5123, 5125, 8882.

Project MAC, Nonr-4102(01), DSR 9457 and Advanced Research Projects

Agency, SD-90, DSR 8897

Wright Air Development Center, AF 33(657)-8285, DSR 9111

Xerox Corporation, DSR 4997

Research Report

Int rod uct ion

The Physics of Solids group has concentrated, during the first

year since its inception in September of 1964, on developing both a formal

curricular approach and a systematic research program along those lines

of Metallurgy and the solid state which have a common basis in the

quantum phenomenology of materials. The group has begun its teaching

commitment with a new first term graduate course in the physics of

solids and a second term undergraduate course. Present plans include

a three term graduate sequence in this area, the first term of which will

consist of a course in the mathematical and physical principles underlying

solid state theory. The undergraduate course has as its aim the

introduction of the student to a variety of modern solid state phenomena,

and includes, as an essential adjunct, a project style laboratory and the

use of a remote console and time-sharing computer for problem solving.

A course in experimental techniques is also being given jointly with the

Department of Electrical Engineering, and the two groups have recently

participated in a nearly two-fold expansion of the facilities of that
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laboratory for graduate and undergraduate students.

It is the intention of the group to provide the student, within the

framework of the Department of Metallurgy, a rigorous training in those

aspects of the quantum theory of solids which may have a direct bearing

on his research work. Emphasis is thus placed finally on modern

experimental techniques and computational procedures. Much of the

research work currently underway represents a natural continuation of

the previous interests of the group, such as the studies of local order in

solid alloys, the structure of liquids and amorphous materials, the

elastic properties of metals and alloys by pulse-echo and related

techniques, and the detailed spin structure of magnetic materials. Among

the new programs are the use of MSssbauer spectroscopy in the study

of metals and alloys; the use of low angle x-ray scattering to study density

fluctuations (clustering and phase separation} and critical point scattering

in solids; the development of a quantitative electron diffraction instrument

to investigate separately the purely elastic and inelastic scattering of

electrons by crystalline and noncrystalline solids; the investigation of

the properties of the Fermi surfaces of dilute alloys and selected

intermetallic phases. All of these programs are described briefly in the

following sections.

i. 0 Spin Correlations in Magnetic Materials

Personnel: Professor Averbach; Spooner, Renninger, Morash,

Shemenski

Magnetic spin correlations in ferromagnetic and antiferromagnetic

materials are being investigated at temperatures in the vicinity of the

magnetic transitions through observations of the magnetic scattering of

neutrons. Above the critical temperature the spins exhibit short range

order which is characteristic of the material. This local order also

appears to coexist with magnetic long range below the critical point.

Observations of short-and long-range spin order are being used to study

the mechanisms involved in the magnetic transition and to provide an

indication of the strength and nature of the magnetic interaction forces.

These correlations are being measured in single crystals of iron and MnO,

in contrast to the earlier work on powder samples. The recent work on

single crystals has provided considerable insight into the spin arrangements

which exist in microdomains above the critical point. It appears that iron

behaves like a Heisenberg magnet with little correlation between domains.
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In the case of MnO, however, these domains presumably exist in a short

range repeating antiphase pattern, and we believe that these data represent

the first direct evidence for the presence of domain correlations of this

type in an antiferromagnetic material above the critical point.

The work on antiphase domains is continuing with studies on

single crystals of MnO, CoO, and NiO. The effects of applied stress and

magnetic field are also being considered, and the influence of growth

direction in the crystal are being investigated. Spin correlations in Fe-Si,

Fe-Ai and Fe-Ni stogie crystals are also being measured. These spin

correlations are directly related to the macroscopic magnetic properties,

and the overall objective of the study is the development of working models

of magnetic spin interactions in the hope that these can be applied to the

improvement of magnetic materials. (National Science Foundation}.

2.0 Effect of Pressure on Elastic Constants

Personnel: Professors Averbach and Moss; Golding

The influence of hydrostatic pressure on the elastic constants

of a series of Au-Ni single crystal alloys is currently being studied.

The entire system including pressure apparatus has been working for

some time and has yielded sets of elastic constants from two gold

crystals which are self consistent to within 0.02% and this is the estimated

accuracy of the equipment. Preliminary results on the Au-Ni series

show a very large anisotropy, C 11-C 12/2C44 0.34, for 0.6Au-0.4Ni and

this correlates well with the anistropic clustering properties of this alloy

as measured by diffuse x-ray scattering. There is also evidence that

the cubic shear constants, C44 and Cll-C12 , exhibit a nearly quadratic

composition dependence. The pressure 2 dependences of these constants

are also being measured, the pressure derivatives yielding information

on the effective interaction range of the interatomic forces. (Atomic

Energy Commission}

3.0 Nucleation in Gold-Nickel Alloys

Personnel: Professor Averbach; Woodilla

Decomposition of the solid solution in gold-nickel alloys is

being studied by means of transmission and replica electron microscopy

and electron diffraction. Measurements of the growth rate and spacing
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of the rod-like precipitates as a function of temperature and composition

are underway to correlate the kinetics of this transformation with cellular

growth models. At lower temperatures, within the spinodal region of the

miscibility gap, the decomposition is coherent and occurs homogenously

throughout the solid solution matrix. The widths of the composition

modulations in this spinodal structure are being measured as a function

of time, temperature and overall composition. Modulations are often

present even in the solution treated and very rapidly quenched foils as

evidenced both by asymmetric [100] streaking in selected electron

diffraction patterns and by faint contrast effects on a very fine scale in the

corresponding electron micrographs. These latter results can then be

qualitatively correlated with measurement of diffuse x-ray scattering

in the Au-Ni system. (Atomic Energy Commission).

4. 0 Quantitative Electron Scatterin=g_

Personnel: Professors Moss and Averbach; Graczyk

An electron microscope is being modified to examine

quantitatively the purely elastic and inelastic electron scattering from

metals, alloys and non-crystalline solids. By means of slowly sweeping

the diffracted electron pattern across a slit followed by a magnetic

velocity selector, second slit and detector we hope either to eliminate

or to study selectively the inelastically scattered electrons. The

electronics requisite to this job have been purchased and partially

installed and we will be trying at first to define an energy window of 5V

out of 80,000V. Along with the study of inelastic processes, especially

plasma losses, we intend to examine critically phase transitions in

crystalline and non crystalline solids, order-disorder transitions,

thermal scattering of electrons, and the structure of amorphous films.

These essentially elastic scattering processes can be studied with this

technique at a speed and resolution previously unavailable either in

electron or x-ray diffraction. (Atomic Energy Commission).
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5.0 Local Order in Alloys

Personnel: Professors Moss and Averbach

The measurement of local order in single crystal alloys

using diffuse x-ray scattering has been applied to both a clustering and

short-range ordering system. In the latter case disordered and rapidly

quenched Cu3Au has been studied in detail for evidence of micro-domains

in the disordered state. With narrow slits for sharp resolution, the

diffuse scattering about a set of superlattice positions showed a distinct

splitting of the usual disorder scattering into faint satellites on a long

exposure rotation photograph. This evidence when considered together

with other selected data points rather conclusively to the existence of

tiny ordered antiphase regions in the disordered solution. This

conclusion is consistent both with a domain diffraction theory and with

similar experimental evidence from electron diffraction studies of the

same alloy which had previously been held in doubt because of the

absence of a definitive x-ray result.

The clustering studies were made on the crystal, 0.60Au-0.40Ni,

quenched from above the miscibility gap in this system. The x-ray

studies were performed both in reflection and in transmission using a

small angle scattering camera. The conclusions drawn to date on this

crystal are:

1) Quench rate has a large effect on the local atomic arrange-

ments which can be nearly random for a rapidly quenched sample to

severely directionally clustered for a modestly cooled crystal.

2) The clustering in the latter crystal is predominately along

[100] axes in agreement with the predictions of the theory of spinodal

decomposition in this elastically non-isotropic system.

3) The combined small-angle and reflection data yield an

average wavelength for the predominating composition fluctuation in

the modestly cooled sample of about 8 h

4) The size effect scattering is extremely intense here and

our examination of the directional character of this scattering should

hopefully lead us to a quite detailed model of these solid solutions.

(Atomic Energy Commission)
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6. 0 Thermod_namics of Order Disorder Reactions

Personnel: Professor Moss

In collaboration with Dr. P. C. Clapp of the Ledgemont

Labratory, Kennecott Copper Corporation, we have systematically

reformulated the theory of the correlation functions for disordered

binary alloys and have succeeded in deriving an exact series expansion

for these correlation functions in terms of the pairwise chemical

interaction energies of the alloy. Various successive approximations

to this intractabie expansion have yielded, in turn, the Cowley theory

and the Zernike theory for arbitrary composition and range of interaction.

Furthermore we have extracted a linear approximation which is exactly

solvable and appears to be about as accurage as either the Cowley or

Zernike theories. This theory when applied to recent data on Cu3Au

yields sets of solutions which can be compared with experiment to

determine the interaction energies which, in this case, have been

extended at least as far as third neighbors. Current work includes

further comparison with and predictions for Cu3Au and /3CuZn. The

theory is quite general and can be applied to a wide variety of alloys

varying composition, structure and range of interaction. (Atomic

Energy Commission)

7. 0 Structure of Metallic Liquids

Personnel: Professors Kaplow and Averbach; Fessler, Strong

The atomic configurations in liquid and solid aluminum have

been measured at various temperatures, utilyzing x-ray diffraction.

The Debye temperatures for solid aluminum at 25, 325 and 655°C are

383, 362 and 322°K, respectively. Associated with the Debye temperature

characterization of the thermal vibrations we also determine near

neighbor coupling factors, which are a measure of the lessened relative

motion between atoms in close proximity. Nearest neighbors, as an

example, at a temperature just below the melting point, have a mean

square amplitude of relative vibration only I/2 that of a pair of distant,

nearly independent atoms.

A comparison with a quasi-crystalline model shows that liquid

aluminum, in many respects, has the same basic structure as the solid.
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This correlation has also been found for lead, mercury and the equi-atomic

gold-tin alloy. The implied similarity between iiquids whose solid

structrues are the same has been confirmed; the distribution functions

of liquid lead and aluminum show identical correlation distances when

allowance is made for the cllfferenee in atomic sizes. A fitting of the

liquid distribution functions with a "tunnel" modeI, in which it is assumed

that the diffusive motions in the liquid are strongly correlated, yields

a perfect fit between the model and the experimental result s. Since

a number of arbitax_y parameters are required, this model is not yet

entireiy satisfactory, but it nonetheless appears to be most promising; it

is the only model which matches the experiment preciseIy, it has been

used to successfully predict certain thermodynamic quantities directly

and it is consistent with the mechanism of melting that we have proposed

earlier.

Data and total distribution functions have been obtained for a

series of gold-tin alloys and pure tin. Interpolation between the

experimental results for . 5 goId and pure tin accurately reproduce the

results for the intermediate AuSn 2 and AuSn 4 alloys. An interpolation

between the . 5 gold result and an estimate of the pure gold distribution

functions also matches accurately the positions of the oscillations in

the distribution function of the 0.7 gold eutectic alloy. A comparison

between the experimental distribution function for the . 5 gold liquid and

a quasi-crystalline model indicates that the atomic arrangements in the

equiatomic alloy are similar to those in the solid compound. It therefore

appears that the atomic arrangement characteristic of the congruently

melting equiatomic compound is partially preserved at all compositions

in the liquid, and that the supressed compounds do not play a significant

role in determining the liquid distribution functions. (Office of Naval

Research)

8. 0 Metastable Phases

Personnel: Professors Kaplow and Averbaeh; Strong, Rowe

Selenium - A pair distribution function has been obtained for

amorphous (cast) seienium, utilyzing recently developed experimentai and

analysis techniques which yield results of greater precision than has

been possibie before. At the moment we are in the process of correlating

these results with structural models that have been proposed. Other
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experiments in progress or intended are aimed at the investigation of

the effect on the atomic arrangements of variations in the preparation

procedure (in particular of vapor deposition) and of the transformation

characteristics of the amorphous-crystalline instability. (Xerox

Corporation).

B20 3 - The structures of glassy, crystalline and liquid B20 3

are being studied at temperatures ranging from 5°K to 1000°K.

Although these measurements are not complete, a number of interesting

qualitative results have been obtained, the most striking of which is the

extent to which the near neighbor correlations characteristic of the

crystalline structure are retained in the glass phase.

9. 0 Atomic Displacements in Martensite

Personnel: Professor Moss, in cooperation with Professor M. Cohen

This x-ray diffraction study revealed, through a careful

comparison of the intensities of the tetragonal diffraction doublets from

a 1.33% carbon martensitic steel, that the RMS static displacement of

the iron atoms along the c axis of the martensite is about 0.241 or about

8% of the actual parameter. The aaxis distortion was estimated to have

a RMS value no larger than 0.09_. The measured dynamic or thermal

displacements were about one-tenth of these values and, when combined

with our x-ray measurements of thermal expansion, suggested that the

static distortions change slightly but predictably with temperature. The

thermal parameters measured here indicate that the effect of the trapped

carbon atoms is to loosen slightly the lattice along the larger c axis

giving rise to a larger thermal expansion along cthan along a_.

Through an elastic model of the pure iron body-centered cubic

lattice it was possible to calculate (performed by Dr. P. M. Gielen and

Professor Kaplow) the displacement field of the atoms in a forty atom

matrix arising from the insertion of one large carbon into an octahedral

interstice. This permitted a correlation between the measured I%MS

static distortion and the actual c axis dipole distortion of the two iron

atoms adjacent to the interstitial carbon. The value so computed was

0. 68_ yielding an iron carbon distance slightly larger than that encountered

between nearest Fe-C neighbors in pure Fe3C. We believe, however,

that this value of the dipole distortion, which is presumably responsible
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for the great solid solution strengthening of iron by carbon, represents

an upper limit and current work includes both experimental and theoretical

refinement of the relevant parameters. {Wright Air Development Center)

10.0 Crystallographic Aspects of Fracture in Martensite

Personnel: Professor Averbach, in cooperation with Professor M.

Cohen; Lindborg.

The fracture of an iron-0.3 wt pct carbond alloy was

investigated by transmission electron microscopy. As-quenched martensite,

a number of tempered martensitie structures and a ferrite-pearlite

mixture, were investigated. The crystallography of the gracture process

was studied by means of electron diffraction patterns obtained from

transparent areas adjacent to cracks in foils 5-10 Hthiek. The fracture

path was observed to be transgranular with respect to the martensitic

crystallites, and inside each crystallite the crack was found to be broken

up into a large number of segments. Histograms were constructed for

the angular distribution of fracture segments, and fracture was shown to

follow certain crystallographic planes preferentially. Room temperature

fracture in as-quenched martensite took place on multiple planes with

some preference for [100J. Fracture on _100J planes was also observed

after tempering at 260°C and at 340°C, but fractures on [Zllj and [321J

planes were also found. In the case of martensite tempered at 480°C,

and in the case of ferrite, fracture on [ ll0J planes seemed to dominate

for the room temperature tests. In untempered martensite fractured at

- 196°C, multiple fracture planes were still observed, but in ferrite

100J fracture was present almost exclusively. The latter observation

is consistent with the cleavage fracture planes observed in bulk ferrite

at low temperatures and served as an external check on the statistical

procedures used in identifying the fracture planes.

An estimate based on lattice registry requirements showed

that the shear strains around c-carbide precipitates do not favor any

particular fracture plane. In the case of cementite particles, [211JM

and [321JM have higher resolved shear strains than [ 100JM, and this

is consistent with the observed fracture plane distribution for martensite

tempered at 260°C and 340°C. (Wright Air Development Center)
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ii. 0 Mossbauer Effect in Fe-C and Fe-N Solid Solutions

Personnel: Professor Kaplow, in cooperation with Professor M. Cohen;

Gielen.

Interstitial solid solutions of carbon and nitrogen in iron metal

have been analyzed by M}_ssbauer spectroscopy. Large quadrupole

interactions have been observed in the two allotropic forms: cubic

austenite (gamma) and tetragonal martensite (alpha). Carbon shows a

positive and nitrogen a negative ion behavior in martensite, as in the

parent austenite phase; the quadrupole effects are of the "shielding" type,

and must be attributed to a repopulation of electrons among the d-orbitals

of iron atoms adjacent to impurity atoms. The electron spin polarization

direction in both iron-carbon and iron-nitrogen martensites appears to

be perpendicular to the c-axis; a quantitative evaluation of the magnetic

anistropy of both kinds of martensite has been made utilyzing the results

of previous magnetic aftereffect experiments. The quadrupole interactions

are quite appreciable in carbon austenite, where it is found that

e2_-- = 0.625 mm/sec, for those iron atoms which are first neighbors
2

of a carbon. In nitrogen austenite, the quadrupole effects are much

smaller, but an appreciable positive isomer shift is observed with respect

to pure gamma for those iron atoms which are first neighbors of a

nitrogen, suggesting they have more d electrons than the others, due to

some covalent bonding with nitrogen as occurs in the isomorphous Ee4N

nitride.

In both carbon and nitrogen martensites, a range of effective

magnetic field values is observed, due primarily to three kinds of

magnetic iron atoms. In carbon martensite two six-peak spectra are

clearly resolved: there is a high intensity spectrum, having an average

effective field slightly larger than in pure iron, with an unresolved fine

structure; and there is a low intensity spectrum, with a quadrupole

interaction _ = 0. 8 mm/sec, and effective field 80 percent that of

the main spectrum; this low intensity spectrum, which disappears with

the tempering of martensite, must be attributed to those iron atoms which

are first neighbors of a carbon in the "dipole distortion. " In nitrogen

martensite, although the spectra are not so well resolved, a low

intensity six-peak spectrum also appears, and is attributed to the two

iron atoms of the "dipole"; the corresponding effective field is larger than

in carbon martensite and the quadrupole effect is of opposite sign.
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The Mossbauer patterns of martensite suggest that a strong a

bond develops between iron and carbon along the "dipole" but not between

iron and nitrogen. This is in agreement with estimates based on crystal

field theory; the second rank electric potential created by the impurity

_i -- - Z orbitals of the two atoms of the "_u1"po1_''_ in the lowestplau_ the dz

states in carbon martensite while in nitrogen martensite d 2 must
z

correspond to a high energy level. {Office of Naval Research}

12.0 Fermi Surfaces in Alloys

Personnel: Professors Averbach and Sellmyer; Tobin; Goldstein,

Miss Dean

The shape of the Fermi surfaces is being studied in aluminum-

silver, copper-zinc and gold-tin alloys, deHaas-van Alphen measure-

ments are being used as a primary technique, but these are being supple-

mented by magnetoresistance and thermoelectric power measurements.

These data are being correlated with x-ray and thermodynamic results

as a background for the study of alloy formation in these systems. A

cooperative program with the National Magnet Labratory on the study of

these systems by means of galvano-magnetic techniques is also being

carried out. {Advanced Research Projects Agency}

The topology of the Fermi Surface of AuSn has been investigated

using high-field galvanomagnetic measurements. The results indicate

that AuSn is a compensated metal, that there are open orbits along

<10_0> directions. A topological model of an open sheet of Fermi

Surface, which is consistent with the above observations, has been proposed.

Certain dimensions of this model have been deduced from the Hall

coefficient. {Research performed at Michigan State University and

supported by the National Science Foundation. }

Preliminary experiments on AuGa 2 indicate that its Fermi surface

also supports open orbits; these measurements are being extended to

higher fields at the National Magnet Labratory. In addition, a study

of the deHaas-vanAlphen effect in these and other metallic intermetallic

compounds is being undertaken to complement the galvanomagnetic

measurements and to gain a fuller understanding of the quantum chemistry

and electronic structure of this class of metals. ( ARPA}
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13.0 A Simplified Computer Language for Problems in Physics

of Solids

Personnel: Professor Kaplow; Dr. Brackett; Strong

A system for on-line mathematical analysis (MAP) has been

developed which allows a user to perform a wide variety of mathematical

analyses through a remote console connected to a time-shared computer.

The present capabilities of the system include the evaluation of functional

equations (such as y (x) = sinf (a**3)+g (x)) which may include the normal

arithmetic operations and FORTRAN-type functions, and also such

operations as integration, differentiation, Fourier transform, convolution,

and least square fitting. No programming is required of the user; in

addition, the system will request any unspecified information required

for a given operation and will generate typewritten listings or graphical

displays of the results.

A self teaching instruction manual has been prepared and the

system has been used successfully by both students and the staff for

the Center for Materials Science and Engineering. Graduate students in

Course 3.54, Physics of Solids I, and undergraduates in Course 3.51,

Materials Science II, regularly use the MAP system to solve problems

involving mathematical complexities that would normally prohibit

assignment as homework, although a majority had never used a computer

prior to their first use of MAP. (Project MAC, Advanced Research

Projects Agency)

14.0 Recombination of Electrons and Donors in n-type Ge and Si

Personnel: Professor Brown

Work is currently being undertaken on the theoretical

calculation of the recombination cross section of conduction electrons

and ionized donor impurities in n-type Ge and St, at liquid helium

temperatures. The donors have bound states which are described by a

hydrogen-like model and the conduction electrons are assumed to have a

spherical effective mass, m*. Recombination takes place with the

initial capture of a conduction electron in a low donor excited state,

from which the electron may drop to lower states by single phonon emission.
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The effect of the different types of bond structure of Ge and Si is taken into

account in the calculations. Also, work is being done on processes which

involve the simultaneous emission of many phonons in n-type Ge and Si at

low temperatures. Recent work has shown that one can theoretically pre-

dict that the trapping lifetime of conduction electrons is independent of

temperature below a certain critical temperature which depends upon the

impurity concentration.

15.0 Low Angle Scattering of X-rays

Personnel: Professor Moss in collaboration with Professor J. W.

Cahn; Kittler

A new x-ray generator, Kratky small angle scattering camera,

and associated electronics have been purchased and partially installed.

In addition a Kiessig small angle pin-hole survey camera has been

included for preliminary studies and film recording. With this equipment

we intend to study in transmission the x-ray scattering from solid

(and, possibly, liquid) solutions which are characterized by density

fluctuations large in extent compared to the available x-ray wavelengths.

Such solutions might include liquids, glasses and metallic alloys at

their critical points; solid alloys undergoing pre-precipitation; phase

separation in multicomponent glasses; oriented polymers; thin films of

vapor deposited and sputted alloys; radiation damaged films. We intend,

among other things, to examine critically the experimental evidence

for spinodal decomposition in elastically isotropic systems (glasses)

and non-isotropic systems, (alloys} and to study the kinetics of the

decomposition process. (Advanced Research Projects Agency).
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1.0 Kinetics Mechanisms and the Origin of Structures

Personnel: Professors J. W. Cahn, M. Cohen, J. F. Breedis,

K. C. Russell; D. Dawson, P. M. Gielen, D. A. Karlyn,

J. H. Kitler, M. K. Koul, J. E. Mortal, S. R. Pati,

R. Ruhl, I. Sprung, M. Vukcevich, J. M. Wells

i.i

Personnel:

Solid-State Diffusion

Professor Morris Cohen, Professor K. C. Russell;

M. Vukcevich

Sponsorship:

Atomic Energy Commission, AT(30- 1)-2879, DSR 8954



SECTIONC - METALLURGYAND-MATERIALSSCIENCE 141

Research Report

The strain-induced enhancement of the self-dLffusivity in gold

has been attributed by other investigators to an inadvertent mechanical-

mixing process rather than to atomic diffusion. Consequently, special

experiments were invoked to discriminate between these two alternatives.

Runs were carried out with radioactive tracers during compressive

creep at relatively low temperatures where atomic diffusion is of no

consequence. Careful sectioning experiments on the resultant specimens

showed no appreciable penetration of the tracer, indicating that

mechanical mixing could not explain the enhanced diffusivity observed in

the previous experiments. In addition, the amount of surface roughening

encountered was too small to account for our previ0usly-reported

enhanced diffusivities. Thus, this phenomenon retains its importance

as a real effect, and various appropriate diffusion models are being

considered.

1.2 Isothermal Nucleation of Martensitic Transformations

Personnel: Professor Morris Cohen; S. R. Pati

Sponsorship:

Office of Naval Research, Nonr-1841(35), DSR 7518

Research Report

The nucleation rate of the isothermal martensitic reaction

in iron-nickel-manganese alloys exhibits a C-curve behavior with

respect to transformation temperature, but at each such temperature the

nucleation rate is also sensitive to the austenitizing temperature.

Transmission electron microscopy and selected-area diffraction are

being employed to obtain a more basic understanding of these nucleation

kinetics. An improved method for obtaining the quantitative nucleation

rates has been developed, based on quantitative metallography.
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i.3 Mossbauer Spectroscopy of Martensite

Personnel: Professor Roy Kaplow, Professor Morris Cohen;

P. M. Gielen

Sponsorship:

Office of Naval Research, Nonr-1841(35}, DSR 7618

Research Report .

Mossbauer measurements suggest that a strong covalent-type

of bond develops between the carbon atoms and their nearest-neighbor

iron atoms in iron-carbon martensites. At least part of the carbon-

strengthening of martensite may arise because of such bonding, in addition

to the iron-atom displacements that result from the presence of the carbon

atoms. This type of bonding does not arise in the case of iron-nitrogen

martensites, and may explain why the latter martensites are not as

strong as the iron-carbon martensites.

1.4

Personnel:

Splat Quenching of Iron-Carbon Alloys

Professor Morris Cohen; Dr. B. C. Giessen; R. Ruhl

Sponsorship:

National Science Foundation Fellowship

Office of Naval Research, Nonr-1841(35), DSR 7618

Research Report

Iron-carbon alloys containing up to 4.3 w/o carbon are being

splat-quenched from the liquid state in an effort to produce interstitial

solid solutions of extremely high concentration. It is expected that

unusual martensitic phases will thereby be produced, and will provide

a unique check on the static distortions of the first-neighbor iron atoms

surrounding the interstitial carbon atoms. Thusfar, most of the
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effort hasbeenfocussedonthedesignandconstructionof theappropriate
equipment.Successfulrunshavenowbeenmade.A cementitephase
of compositionconsiderablylessthanstoichiometrichasbeen
encountered.

1.5

Persomnel:

Formation of Clustered Vacancy Defects in Iron Alloys

Professor J. F. Breedis; M. K. Koul

Sponsorship:

Sloan Fellowship

Research Report

After rapid quenching at rates of about 10 3 to 10 5 degrees

Centigrade per second from high temperatures, individual vacancies

can migrate during subsequent annealing to form vacancy clusters. Many

factors appear to govern the type of defect structures (stacking fault

tetrahedra, dislocation loops and others) which can develop, and the

characteristics of annealing. Most of the quenching studies reported

to date have avoided concentrated solid solutions of face-centered cubic

and hexagonal close-packed phases. By means of transmission electron

microscopy and other supporting techniques, the development of clustered

vacancy defects after quenching is being studied in face-centered cubic

iron- chromium-nickel and iron- ruthenium-nickel alloys, and in hexagonal

close-packed iron-ruthenium alloys to determine the character of the

defects generated and the influence of pertinent variables on their formation.

Further, no studies have been reported which elucidate the possible role

of individual and clustered vacancy defects on the nucleation of diffusion-

less or martensitic transformations. Since it is possible to produce

approximately 1015 clustered vacancy defects per cubic centimeter

through rapid quenching, this study is determining through measurements

of transformation kinetics whether such defects can serve as nucleating

sites for transformation.
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1.6

Personnel:

Crystallography of Martensitic Transformations

Professor J. F. Breedis; I. Sprung

Sponsorship:

Advanced Research Projects Agency, Contract No. SD-90, DSR 5125

Research Report

Previous work on the thermodynamics of structural changes

occurring in the iron-ruthenium system has pointed to the need for a

detailed analysis of the morphological and crystallographic aspects of the

martensitic transformation in this system. The transformation habit

planes, orientation relationships and lattice invariant shear are being

studied through present theories of martensite crystallography.

i. 7 Massive Transformation in Beta-brass

Personnel: D.A. Karlyn

Sponsorship:

Office of Naval Research, Nonr-1841(35), DSR 7618

Research Report

The kinetics and mechanisms of massive reactions in a series of

rapidly cooled copper zinc alloys are being investigated. The

distinguishing characteristics of the different massive reactions are being

determined by metallographic, x-ray diffraction, microprobe, and

electron microscopy techniques. These alloys also undergo martensitic

transformations, thus permitting direct comparisons to be made with

massive reactions.
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1.8 Electron Irradiation

Personnel: Professor K. C. Russell; J. M. Wells

Sponsorship:

Advanced Research Projects Agency, Contract No. SD-90, DSR 51 Z5
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Research Report

Work is proceeding on the electron irradiation of body-centered

cubic metals at 4.2OK. This work is intended to identify the nature and

magnitude of the damage and study the kinetics of annealing in these

materials and their dilute interstitial alloys. We believe the annealing

peaks will be very well defined. If so, we hope to determine the migra-

tion energy of the solvent interstitial atom as well as using the activation

plots to identify the various stages and substages of annealing.

1.9 Nucleation in Nozzles

Personnel: Professor K. C. Russell, Professor P. G. Hill (Mechan-

ical Engineering); D. Dawson

Sponsorship:

Office of Naval Research, Contract No. Nonr-3963-07, DSR 9809

Research Report

The digital computer has made the supersonic nozzle a powerful

tool for the study of vapor-liquid nucleation and growth. The nozzle

does not suffer from the transient and contamination problems of the

cloud chamber, and the data are readily analyzed via computer.

A broad study of the nucleation behavior of various organic and

inorganic vapors is in progress. From this study we hope to determine

which, ff any of the competing theories of nucleation describe the
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behaviorof avarietyof vapors over a range of temperatures and pressures.

Careful analysis of the nozzle data may further identify any discrepancies

as due to low accommodation coefficient, non-macroscopic surface tension,

etc.

i. I0 Nucleation in Condensed Phases

Personnel: Professors J. W. Cahn and K. C. Russell

Research Report

A broad theoretical and experimental investigation of nucleation

involving condensed phases was begun during the year. The topics covered

include nucleation of metastable and competing phases, transient

nucleation, nucleation on heterogeneities, and ripening.

1.11

Personnel:

Theory of Spinodal Decomposition

Professor J. W. Cahn; J. H. Kitler; J. E. Morral

Sponsorship:

Advanced Research Projects Agency, Contract No. SD-90, DSR 5125

Research Report

The mechanism of phase separation within the spinodal is

receiving further attention. Continuous cooling, which is important in

commercial heat treatment, in geology and in certain rapidly decomposing

research alloys, was treated in great detail. The amount of decomposition

and the resulting morphology can be accurately predicted, as well as

cooling rate necessary to prevent decomposition. The latter stages

of spinodal decomposition in in cubic alloys leading to a two phase

structure and the initial stages of particle coarsening were treated

approximately by considering nonlinear terms in the diffusion equation.

These gave rise to harmonic distortions of the three-dimensional structure,
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which cause the structure to resemble more closely a two phase structure.

The distortions resulting from non-symmetric alloys were shown to give

rise to harmonics that resulted in adherence to the lever rule. This work

is continuing for isotropic systems.

Some results on spinodal decomposition in multicomponent

systems are finished and will be written up. The results show that this

phenomenon increases in complexity, but that one essential feature,

stationary composition waves increasing in amplitude with time, remains

unchanged.

Theoretical calculations for intensity of scattered x-rays in the

small angle region are being started to provide predictions for experimen-

tal work contemplated in this area.

1.12

Personnel:

Phase Separation and Crystallization in Glass

Professor J. W. Cahn; J. H. Kitler

Sponsorship:

Advanced Research Projects Agency, Contract No. SD-90, DSR 5125

Research Report

The theoretical aspects of liquid-liquid separation in glass both

by nucleation and growth and by spinodal decomposition were considered

and detailed predictions about kinetics and morphology were made for

each mechanism. Experience in silicates and in borosilicate glasses

seems to indicate that both mechanisms occur.

Various hypotheses about the effect of the liquid-liquid phase

separation upon the subsequent nucleation of crystal are being examined

theoretically.

Work is being started to verify ideas experimentally in a

suitable chosen glass.
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1.13

Personnel:

On the Morphological Stability of Growing Crystals

Professor J. W. Cahn

Sponsorship :

Advanced Research Projects Agency, Contract No. SD-90, DSR 5125

Research Report

The Mullins and Sekerka formulation for the morphological

stability of a growing particle consists of two terms. The first, pertaining

to the diffusion field, results in instability, the second, pertaining to the

surface tension contribution, stabilizes the crystal up to radii one order

of magnitude greater than the critical nucleus size. This, however, is

still a very small size.

In the present program, other stabilizing factors are examined

with particular reference to real crystals. The results are as follows:

I) The slightly anisotropic surface tension does not

result in a stable particle at any size as long as there is no interface

kinetics term.

2) The interface kinetics term stabilizes the particle

until it reaches a size which approximately marks the transition from

interface kinetics control to diffusion control. This is true regardless

of surface tension anisotropy. Of particular interest is the growth of

polyhedral crystals which continue to grow as polyhedra until the center of

a polygonal face approaches equilibrium conditions. Thereafter the

center of the polygon cannot keep up with the periphery and a hopper

morphology is predicated.
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1.14 Particle Coarsening

Personnel: Professor J. W. Cahn

Sponsorship:

Advanced Research Projects Agency, Contract No. SD-90, DSR 51 Z5
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Research Report

Precipitation structures are subject to gradual particle coarsen-

ing during exposure to high temperatures. The theory of this phenomenon

is being developed for structures in which there is a great deal of

regularity in the size and spacing of the precipitated particles. Such

structures are attainable by spinodal decomposition and offer great

potential for strengthening purposes over the irregualr structures arising

from nucleation and growth.

1.15 The Origin of Exsolution Textures in Minerals

Personnel: Professor J. W. Cahn

Research Report

Various exsolution textures in minerals that bear striking

resemblances to well understood metallurgical textures are being examined.

If these similarities are real, it would not only lead to better under-

standing of the origin of the minerals, but would also serve to test our

ideas in a wider variety of crystal structures, and for times of formation

that are very long.
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2.0 Structures and Properties

Personnel: Professors J. W. Cahn, M. Cohen, J. F. Breedis,

K. C. Russell; Dr. T. Furukawa; D. Hoffman,

D. Kalish, H. Rack, D. B. Snow

2.1

Personnel:

Strengthening by Strain Hardening

Professor Morris Cohen; H. Rack, G. Langford

Sponsorship:

Vasco Metals Corporation, BA 2666

Office of Naval Research, Nonr-1841(35), DSI% 7618

Research Report

Wire-drawing experiments are being devised to study the strain

hardening in a series of iron-titanium alloys when deformed to extremely

high plastic strains. Previous investigations along these lines have

shown that the strengthening can be related to the subgrain structure

produced by the deformation. However, the refinement of this sub-

structure in the wire-drawing process seems to depend on the stability

of the subboundaries as controlled by interstitial impurities. This

hypothesis is to be tested by using titanium to "deactivate" the carbon

and nitrogen. At the same time, the role of titanium as a solute

element in the strain-hardening mechanism will be studied.

2.2 Strengthening Mechanisms of Thermomechanical Treatments

Personnel: Professor Morris Cohen; D. Hoffman, D. Kalish

Sponsorship:

Manlabs, Inc., Cambridge, Massachusetts

Bethlehem Steel Corporation, DSR 9671
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Research Report

The strain tempering of martensite and bainite is being studied

as a means of extending the strength level of steel, but with due

regard for the associated problem of fracture toughness. Particularly m

the case of the bainites, unusual combinations of strength and fracture

toughness can be attained by strain tempering. When martensite or

bainite is plastically deformed, a high density of dislocations is generated,

and it appears that ixnmediate pinniaig sets ix_ because of the sLress-induced

jumping of carbon atoms into low-energy octahedral sites in the strain

field of the dislocations. On subsequent tempering, there is longer-range

migration of the carbon atoms to build up atmospheres around the

dislocations, thus leading to stronger pinning and further strengthening.

At the same time, the precipitation of epsilon carbide during tempering

is inhibited, and softening due to carbide coaiescence during the first

stage of tempering is reduced.

Similar phenomena are operative in the strengthening of steel

by ausforming. The plastic deformation of the parent austenite increases

the dislocation density in the subsequently formed martensite, and this

situation leads to ausformed strengthening even in virgin martensite.

However, on tempering, the increment of strengthening due to ausforming

increases becuase of the more effective pinning of the dislocations by

interstitial carbon. The precipitation of epsiion carbide during tempering

is significantly retarded in the case of ausformed martensite, in a manner

quite similar to that of strain-tempered martensite.

2.3 Brittle Fracture

Personnel: Professors Morris Cohen, B. L. Averbach; Dr. T.

Fur ukawa

Sponsorship:

Ship Hull Research Committee, Nobs-88279
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Research Report

Intergranular carbides in polycrystalline iron and mild steel

provide low-stress fracture sources which make it possible to study the

details of fracture initiation and propagation on a microscale in tensile

specimens. In the presence of notches, many of the improtant phenomena

are localized, thus facilitating the microexamination. The carbides

crack during the early stages of plastic deformation in a tensile test,

and become initiation sites for fracture. The carbide cracks wither

open up into voids or act as Griffith flaws to initiate microcleavage,

depending on the test temperature, state of triaxiality, and nature of the

material. On the high-temperature side of the transition range, internal

necking occurs between the voids and results in fibrous fracture. On the

low-temperature side of the transition range, the fracturing process is

mainly one of microcleavage, followed by either ductile shearing or

secondary cleavage between the microcracks. The manner in which

cleavage cracks propagate across grain boundaries has also been

ascertained.

In the fracturing of massive specimens, such as ship plate, it is

visualized that the microcracks propagate into unstable macrocracks

under plane- strain conditions. On this basis, the crack- initiation force

(G c) has been calculated. This, in turn, leads to estimates for the plane-

strain transition temperature and a nominal stress for fracture. The

crack-arrest process in steel plate is identified with a transition from

plane strain to plane stress. The crack-extension force then varies

directly with the plate thickness and inversely with the grain size.

2.4 Dislocations

Personnel: Professors J. W. Cahn, K. C. Russell

Research Report

Pinned dislocations in an unstressed isotropic continuum attain

a minimum energy configuration by forming straight lines between pinning

points. The problem of equilibrium form is much more difficult in

anisotropic materials, and the few calculations made show marked
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anisotropy in the line energy of dislocations.

The equilibrium form of a pinned dislocation has been determined

by an analysis similar to that used on crystal faceting. Under certain

conditions, the dislocations will spontaneously break up into angular

segments of a maximum of three orientations (two, if only glide is

permitted). This break up implies unusual deformation properties in

materials of marked elastic anisotropy.

2.5 Antiphase Domain Walls in Ordered Structures

Personnel: Professor J. W. Cahn

Sponsorship :

Advanced Research Projects Agency, Contract No. SD-90, DSR 5125

Research Report

When a disordered alloy orders, the same atomic species can

be placed on one of several equivalent sublattices. Thus if ordering

proceeds by growth from several centers a domain pattern of ordered

regions out of step with one another is formed. The boundaries between

domains are internal surfaces called domain walls. In addition certain

dislocations in the disordered structure become bounding curves of

domain walls in the ordered structure. The domain wall structure is an

important factor in determining properties of the ordered material.

A theoretical study of the topology of the domain structure was

undertaken and revealed that initially it must be a highly interconnected

structure. The simple domain structures seen by transmission microscopy

in well annealed crystals must be the result of much rearrangement and

untangling.

A statistical-mechanical study of the antiphase domain wall in a

/3-brass structure as a function of composition and temperature has shown

that it is possible to obtain results that are thermodynamically self-

consistent in that the Gibbs adsorption equation is obeyed. Because the
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chemical potential changes rapidly through the stoichiometric point, and

because adsorption to a domain wall is undoubtedly large, marked

composition effects are predicted.

2.6 Equilibrium in Non-hydrostatic Stress Fields

Personnel: Professor J. W. Cahn

Research Report

The thermodynamic equilibrium near structural defects,

inclusions and of a crystal in an applied stress is being investigated under

the special constraints imposed by the lattice, which does not allow

certain infinitesimal changes. Because of the constraints equilibrium

can be achieved and thermodynamic relationships derived. The increase

in solubility of a coherent precipitate over the unconstrained precipitate

was computed. Application to Cottrell atmospheres and small angle

boundaries is being undertaken.

2.7

Personnel:

Plastic Deformation of Iron Alloys

Professor J. F. Breedis; D. B. Snow

Sponsorship :

Advanced Research Projects Agency, Contract No. SD-90, DSR 5125

Research Report

The plastic deformation of face-centered cubic and hexagonal

close-packed iron alloys is being studied as a function of composition

and thermal history. The purpose of this work is to determine the

mechanical behavior of alloys where the character of clustered vacancy

defects formed after quenching, and the stacking fault energy can be

changed through variations in composition. Further, the character

of the dislocation substructure has been shown to influence strongly the
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martensitic transformation in iron-chromium-nickel alloys. Through

transmission electron microscopy, mechanical and transformation

behaviors are being studied to relate these behaviors with microstructure

in ternary iron-chromuin-nickel and iron-ruthenium-nickel alloys, and in

binary iron alloys which contain ruthenium.
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Publications

Morris Cohen, r'reclpltatl n in Iron-Base Alloys - State of the Art, "

Precipitation from Iron-Base Alloys, G. R. Speich and J. B.

Clark, editors, Gordon and Breach, N.Y. (1965).

Morris Cohen and James M. Harris, "The _-IronControversy,"

Metallurgical Society Conferences 27, The Sorby Centennial

Symposium on the History of Metallurgy, 209 (1965).

D. Kalish, S. A. Kulin and M. Cohen, "Bainitic Structures and Thermo-

mechanical Treatments Applied to Steel, " Jnl. of Metals

(February 1965) 157.
u

L. D. Blackburn, L. Kaufman and M. Cohen, Transformatlons in Iron-

Ruthenium Alloys under High Pressure, " Acta Metallurgica I__3

No. 5 (May 1965) 533.

C. J. McMahon, Hr. and Morris Cohen, "Initiation of Cleavage in

Polycrystalline Iron," Acta Metallurgica I__3No. 6 (June 1965) 591.

D. Kalish, S. A. Kulin and M. Cohen, Thermomechanlcal Treatments

Applied to Ultrahigh-Strength Bainites, " Structure and

Properties of Ultrahi_h-Strength Steels, ASTM Special Technical

Publication No. 370 (1965) 172.

W. C. Leslie, D. W. Stevens and Morris Cohen, "Deformation and

Transformation Structures in Shock-Loaded Iron-Base Alloys, "

To be published in the Proceedings of the 2nd International

Symposium on Materials, Berkley, California.

C. J. McMahon, Jr. and Morris Cohen, "The Fracture of Polycrystalline

Iron, " To be published in the Proceedings of the International

Conference on Fracture in Sendal, Japan (1965).

S. R. Pati and Morris Cohen, "Measurement of Nucleation Rate of an

Isothermal Martensitic Transformahon, Accepted for

publi cation in Acta Metalhrgica.

D. N. Duhl and Morris Cohen, "Strain-Enhanced Diffusion in Gold, " To be

submitted to Acta Metallurgica.

B. L. Averbach, "Micro- and Macrocrack Formation, " To be published

in the Proceedings of the International Conference on Fracture

in Sendal, Japan (1965).

John W. Cahn, "Phase Separation by Spinodal Decomposition in

Isotropic Systems, " JNL. of Chemical Physics 4__22,93 (1965).

John W. Cahn and G. E. Padawer, "On Hillert's Grain Growth Catalyst, "

Aeta Metallurgica 13, 1091 (1965).
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John W. Cahn and R. J. Charles, "The Initial Stages of Phase Separation

in Glasses, " Physics and Chemistry of Glasses 6, 181 (1965).

John W. Cahn, "Coherent Two-Phase Equilibrium, " Acta Metallurgica

14, 83 (1966).

John W. Cahn, "A Model for Connectivity in Multiphase Structures, "

Accepted for publication in Acta Metallurgica.

John W. Cahn and W. B. Hillig, "Reply to J_ntsch's Letter, " Accepted

for publication in Acta Metallurgica.

E. l_. rluston, j. W. Cahn and J. E. Hilliard, "Spinodal Decomposition

during Continuous Cooling, " Accepted for publication in

Acta Metallurgica.

John W. Cahn and Ryoichi Kikuchi, "Theory of Domain Walls in Ordered

Structures - HI Effect of Substantial Deviations from

Stoichiometry, " Submitted for publication in the Journal of

the Physics and Chemistry of Solids.

J. F. Breedis, "Influence of Dislocation Substructure on the Martensitic

Transformation in Stainless Steel, " Acta Metallurgica 13,

239 (1965).

J. F. Breedis, A. Lawley, J. A. Zeiger, "Fatigue Studies of Single

Crystal Beryllium, " Proceedings, Second International

Conference on Beryllium Technology, (1965}, AIM_E, New York.

R. P. Reed and J. F. Breedis, "Low Temperature Phase Transformations-

A Review and " "Bibliography, Symposium on Properties of

Materials at Cryogenic Temperature, ASTM, in press.

A. Lawley, J. F. Breedis, J. D. Meaking, "The Microstrain Behavior

of Beryllium Single Crystals, "Acta Metallurgica, in press.

J. F. Breedis, "Martensite Reversion in Stainless Steel, " Transactions

AIME, in press.

K. C. Russell, "Nucleation in Homogeneous Vapors," in Fundamental

Processes in the Material Sciences, V. 3, Plenum Press, in

press.

J. Feder, K. C. Russell, J. Lothe and G. M. Pound, "Homogeneous

Nucleation and Growth of Droplets in Vapors, " Advances in

Physics 1_5_5(1966), in press.

P. M. Gielen, "Mossbauer Effect in Iron-Carbon and Iron-Nitrogen

Interstitial Solid Solutions, " Sc. D. Thesis, M.I.T., 1966.
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III. PHYSICAL METALLURGY - THERMODYNAMICS OF STABLE

AND METASTABLE PHASES; DEFORMATION AND ANNEALING;

RADIATION DAMAGE

Personnel

Professor M. B. Bever, Professor, Metallurgy

Dr. P. M. Robinson, Research Associate, ,,,=t_L_-_"...._, to 1/31/65;

DSR Staff, Metallurgy, 2/1/65 to 8/20/65

Dr. J. S. LI. Leach, DSR Staff, Metallurgy, 2/23/65 to 9/7/65

Dr. A. K. Jena, DSR Staff, Metallurgy, after 8/12/65

Dr. K. C. Chuang, Research Assistant, Metallurgy, to 1/24/65;

DSR Staff, Metallurgy, 1/25/65 to 7/31/65

Dr. P. Chaudhari, Research Assistant, Metallurgy, to 12/20/65;

Research Associate, Metallurgy, after IZ/ZI/65

A. Gangulee, Research Assistant, Metallurgy

A. M. Reti, Research Assistant, Metallurgy, after 9/16/65

R. O. Scattergood, Research Assistant, Metallurgy, to 6/30/65;

Allegheny Ludlum Steel Corporation Fellow, after 7/1/65

J. Waldman, Research Assistant, Metallurgy

L. I. Sudenfield, Technician, Metallurgy

T. R. Walsh, Secretary, Metallurgy

Degrees Granted

K. C. Chuang, Ph.D., February 1965

Sponsorship

This research is sponsored by the agencies listed below.

Specific sponsorship is also stated under each individual research report.

National Aeronautics and Space Administration, Grant NsG-496, DSR 4569

U. S. Atomic Energy Commission, AT(30-1)-1002, DSR 6831 (to 8/31/65),

DSR 6039 (after 9/1/65)

Office of Naval Research, Nonr 3963(19), DSR 4675 (started 4/1/65)
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Research Report

This research was concerned with the thermodynamics of stable

and metastable phases, the deformation and annealing of metals and alloys

and the effects of radiation on materials of interest because of their

electronic properties. The techniques used comprised calorimetry,

electrical measurements, mechanical tests and transmission electron

micros copy.

I. 0 Thermodynamics of Stable Phases

I. 1 Personnel: M. B. Bever and P. M. Robinson

Sponsor: Atomic Energy Commission

An investigation of the heats of formation of the compounds CdTe,

SnTe and PbTe was completed. The results were interpreted in relation

to the stability and bonding of these compounds.

I. Z Personnel: J. S. L1. Leach and P. M. Robinson

Sponsor: Atomic Energy Commission

Heats of solution of indium, tin, lead and tellurium in liquid

bismuth at 350°C were calculated from heat effects on dissolution of

mechanical mixtures of tellurium with each of the other three elements.

The results were interpreted in terms of interactions of solutes in dilute

solutions. An analysis of the heat effects on dissolution of mixtures of

cadmium and tellurium showed the interaction between these two elements

dissolved in liquid bismuth to be strong enough to lead to the precipitation

of solid CdTe.

I. 3 Personnel: M. B. Bever and A. Gangulee

Sponsor: Atomic Energy Commission

The heats of formation of the silver-rich terminal solid solution

in the system silver-magnesium were measured as a function of

composition. A preliminary value of the energy of ordering near 25 at.

pct Mg was obtained.
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2.0 Thermodynamics of Metastable Phases

2. 1 Personnel: M. B. Bever, A. K. Jena, and P. M. Robinson

Sponsor: Office of Naval Research

Energy differences between low-pressure and high-pressure

phases of the compound InSb are being investigated in collaboration with

Dr. M. D. Ba_m_ of Lincoln Laboratory. The results are being

interpreted in relation to the pressure-temperature phase diagram.

Preliminary measurements of the excess energies of solid solutions of tin

in the high-pressure from of InSb were made.

2.2 Personnel: M. t_ Bever and A. K. Jena

Sponsor: Office of Naval Research

If liquid samples in the system gold-antimony are made to

solidify by rapid cooling ("splat cooling"), the metastable phase zeta

(containing 14 at. pct Sb) forms together with the stable phases. The heat

of formation of zeta was calculated from preliminary measurements on

splat cooled samples received from Professor N. J. Grant and

Dr. B. C. Giessen of this department. The heat of formation of the

stable compound AuSb 2 was also measured.

2.3 Personnel: M. B. Bever and A. K. Jena

Sponsor: Office of Naval Research

In the system silver-copper, metastable silver-rich and copper-rich

terminal solid solutions contalning excess solute can be prepared by splat

cooling. Splat cooled samples were received from Professor M. C.

Flemings and Dr. T. Z. Kattamis of this department. A preliminary value

of the energy difference between these samples and the pure metals was

obtained.
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3. 0 Deformation and Annealing

3. 1 Personnel: M. B. Bever and P. M. Robinson

Sponsor: Atomic Energy Commission

The investigation of the deformation of the intermetallic

compound T1Bi z was completed. The changes in resistivity were

measured as functions of strain and strain rate. Tensile tests at

different strain rates, microhardness measurements and metallographic

examinations were made. The enei_gy stored after deformation by torsion

was measured. At 25°C the compound TIBi 2 behaved in a ductile or brittle

manner depending on strain rate and grain size. At low strain rates,

specimens deformed by grain boundary sliding while at high strain rates

deformation was primarily by slip.

3. 2 Personnel: M. B. Bever, A. Gangulee, and J. Waldman

Sponsor: Atomic Energy Commission

Investigations of the deformation of the silver-rich terminal

solid solutions in the systems silver-magnesium and silver-cadmium

have been started. Preliminary measurements of the effects of

deformation on the resistivity have been made.

3. 3 Personnel: M. B. Bever and R. O. Scattergood

Sponsor: Atomic Energy Commission

An investigation of the relation between short-range order and

dislocation arrangement in the copper-rich terminal solid solution in the

system copper-aluminum is in progress. Single crystals have been made

and are now being heat treated to produce various degrees of short-range

order. The effects of short-range order on the deformation behavior will

be investigated by tensile testing and transmission electron micros copy.
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4.0 Radiation Damage

Personnel: M. B. Bever and P. Chaudhari

Sponsor: National Aeronautics and Space Administration

Single crystals of p-type Bi2Te 3 were irradiated at room

temperature with 7.5 Mev protons. The Hall coefficient and the resistivity

increased and the magnetoresistance coefficient decreased with increasing

radiation dose; after large doses the compound changed from p-type to

n-type. The experimental and calculated values of the resistivity agreed

when the defects were assumed to be ionized. Clusters of interstitial

atoms and vacancies were identified by transmission electron microscopy.

The type of cluster formed was affected by the magnitude of the proton flux.

Defect configurations in the compounds Bi2Te 3, Sb2Te3, Bi2Se 3 and

Sb2Se 3 are being investigated by transmission electron microscopy.

Thesis

K. C. Chuang, "The Annealing Behavior of Gold Deformed at 78°K,

195°K, and Room Temperature", Ph.D. Thesis

Publications

S. Misra, B. W. Howlett, and M. B. Bever, "On the Thermodynamic

Properties of the Intermetallic Phases in the System Gold-Tin",

Trans. Met. Soc. /LIME, 233, 749 (1965).

P. M. Robinson and M. B. Bever, "On the Deformation Behavior of the

Intermetallic Compound AgMg", Acta Metallurgica, 1__3, 647 (1965).

P. M. Robinson and M. B. Bever, "The Heats of Formation of the

IntermetaUic Compounds InBi, In2Bi , and T1Bi2", Trans. Met.

Soc. AIME, 23____3,1908 (1965).

M. B. Bever, "Nucleation Processes" in: Energetics in Metallurgical

Phenomena, vol. 1, Proc. of 1962 Seminar, University of Denver,

Gordon and Breach, New York (1965), pp. 111-160.

P. Beardmore, B. W. Howlett, B. D. Lichter, and M. B. Bever,

"Thermodynamic Properties of Compounds of Magnesium and

Group IVB Elements", Trans. Met. Soc. AIME, 236, 102 (1966).

P. Chaudhari, "Frank-Read Sources in Ordered Alloys", Acta Metallurgia,

14, 69 (1966).

P. M. Robinson and M. B. Bever, "The Deformation of the IntermetaDAc
• ?,

Compound T1B12 , Acta MetaUurgica (in press).
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P. M. Robinson and M. B. Bever, "On the Thermodynamic Properties of

the Tellurides of Cadmium, Indium, Tin and Lead", accepted for

publication by Trans. Met. Soc. AIME.

P. M. Robinson and J. S. LI. Leach, "The Heat Effects on Solution in

Liquid Bismuth of Tellurium with Cadmium, Indium, Tin or

Lead", accepted for publication by Trans. Met. Soc. AIME.

P. M. Robinson and M. B. Bever, "The Thermodynamic Properties of

Intermetallic Compounds", Chapter contributed to Intermetallic

Compounds, J. H. Westbrook, Editor, John Wiley, New York

(in press).

P. Chaudhari and R. O. Scattergood, "On the Pile-up Model for Yielding",

accepted for publication by Acta Metallurgica.



D
SECTION C - METALLURGY AND MATERIALS SCIENCE 165

IV. X-Ray and Electron Optics Labratory

Personnel:

Professor R. E. Ogilvie, Associate Professor, Metallurgy

Professor T. O. Ziebold, Assistant Professor, Nuclear Materials

j. L. Bornbach, Part-time instructor, Metallurgy

D. Brayton, Research Assistant, Metallurgy

W. J. Duffin, Graduate Student, Metallurgy

R. H. Frost, Part-time Instructor, Metallurgy

C. Jansen, Research Assistant, Metallurgy

N. G. Koopman, Research Assistant, Metallurgy

P. K. K. Nayar, Research Assistant, Metallurgy

T. Flanagan, Technician, Metallurgy

A. Pinella, Technician, Metallurgy

Suzanne Spencer, Secretary, Metallurgy

Degrees Granted

T. O. Ziebold, Ph.D., 1965

D. B. Brown, Sc.D., 1965

W. G. Morris, Sc.D., 1965

P. K. K. Nayar, S.M., 1965

Sponsorship :

The research is sponsored by the following agencies. Specific

sponsorship is also listed under each individual research report.

Atomic Energy Commission, AT(30-1)-3134, DSR 9855

Wright Air Development Center, AF 33(657)-8906, DSR 9200

Advanced Research Projects Agency, SD-90, DSR 8882
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Research Report

1.0 Phenomenology of Multicomponent Diffusion

Personnel:

D. Brayton, N. G. Koopman, P. K. K. Nayar.

Sponsorship:

U. S. Atomic Energy Commission.

In 1945, Onsager extended Fick'sLaw to multicomponent

diffusion systems. He proposed that for i__ diffusing species the motion

of each be linearly dependent on all of the gradients. This may be

expressed as follows:

i
8 C K

--Ji = y_ DiK

K=I

The diffusion flux may also be related to the atomic mobility and chemical

potential:

---Ji =pi_]i A_i + Piv

where Pi is the molar density of component i__ _i is the atomic

mobility, _i is the chemical potential per mole, and v is the lattice

velocity relative to the local center of volume. From self-diffusion

coefficients, one obtains the mobilities _, and from activity data, the

chemical potentials _ . It is of considerable interest to measure these

parameters in order to confirm their equalities.

In order to evaluate these relationships, an extensive program is

underway on the Cu-Ag-Au ternary. Diffusion experiments have been

carried out at 1000°K; activity measurements and self-diffusion data

are being made at the same temperature.

A similar program is underway in alloy single crystals of Ag-Cu

and A1-A1, the third component being zinc. In this case, the single

crystals are being bent to introduce dislocations parallel to the < 211 >

axis. Diffusion experiments are being made in which the zinc diffuses into

these bent crystals from the vapor state. Activity and self-diffusion

experiments will be carried out for these systems.
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2.0 X-ray Diffraction Studies of Fatigue

Personnel: R.H. Frost

Sponsorship: Wright Air Development Cemer

167

Research Report

The fatigue of cold rolled nickel is being studied by a Warren-

Averbach analysis of the broadening of the X-ray diffraction peaks. The

analysis relates the line broadening to particle size changes, stacking

fault probability, and microstresses. A preliminary Integral Breadth

study indicates initial stress relief but little change in particle size. This

may confirm the prediction that fatigue-promoted polygonization

relieves stresses in the walls of the dislocation cell structure. The

dislocations are ordered into a lower energy configuration, and the cell

walls become thinner with few new cells being produced. Cracks which

follow the slip bands may start at cell wall intersections.

3.0 Divergent X-ray Diffraction Techniques

Personnel: C. Jansen

Sponsorship: Wright Air Development Center

Research Report

The divergent X-ray diffraction technique known as the Kossel

technique has been used to measure the lattice parameters of individual

grains of polycrystalline materials with an accuracy better than

1:100 000. With this technique, studies are being made of the strain

distribution within individual grains. This method is also applicable for the

determination of the orientation of individual grains. The orientations of

kamacite plates in iron meteorites are being investigated, and the

crystallographic orientations of the faces and axes of iron whiskers are

being determined by this method.
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4.0 Electron Optical Techniques

Personnel: J.L. Bomb ack

Sponsorship: Wright Air Development Center

Research Report

A scanning electron microscope has been built for studies of the

surfaces of iron whiskers. This instrument has also demonstrated its

usefulness in observations of fractured surfaces. It is intended to make

such observations under physical test, in order that the deformation

markings in bulk specimens may be observed at magnification greater

than that possible with normal light microscopy.

An electron diffraction unit is being modified in order that the

diffraction patterns may be displayed on an x-y recorder or an oscilloscope.

This instrument will enable the operator to follow rapid phase trans-

formations and certain types of reactions.

5.0 Crystal Chemistry

Personnel: W.J. Duffin

Sponsorship: U.S. Atomic Energy Commission

Research Report

This phase of the research has been concerned with the factors

which control the formation of Cll, C40, and C54 type structures. The

pseudo-binaries ReSt 2 -TiSi 2, TiSi 2 -TiSb 2 and ReSt-ReAl 2 are

under investigation, taking into account space filling, atom sizes, electron

atom ratio, and electronic configurations.
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Theses

T. O. Ziebold, Ph.D., "Ternary Diffusion in Copper-Silver-Gold Alloys".

D. B. Brown, Sc. D., "Application of an Electron Transport Equation to

Electron-Specimen-X-ray Interactions in the Electron Micro-

analyzer".

W. G. Morris, Sc. D., "Scanning Electron Microscopy of the Surface

Structure of Iron Whiskers".

P. K. K. Nayar, S.l'vi., "Precipitation Studies in Zircaloy-2".

Publications

T. O. Ziebold and R. E. Ogilvie, "Analysis of Multicomponent Alloys and

an Empirical Correlation of Calibration Data, " Proceedings of

the Symposium on Electron Probe Microanalysis, Washington D.C.

October 1964, John Wiley (1965).

R. E. Ogilvie, "Accuracy of Lattice Parameter Measurement by the

Kossel Technique, " Proceedings of the Symposium on Electron

Probe Microanalysis, Washington D.C., October 1964, John

Wiley (1965).

E. T. Peters and R. E. Ogilvie, '_X-ray Orientation and Diffraction

Studies by Kossel Lines, " Trans. AIME, Vol. 233, p. 89

(January 1965).

P. Gielen, H. Yakowitz, D. Ganow and R. E. Ogilvie, "Evaluation of

Kossel Microdiffraction Procedures: The Cubic Case, " J. Appl.

Phys., Vol. 36, No. 3 p. 773 (March 1965).

R. E. Hanneman, R. E. Ogilvie and H. C. Gatos, "Effect of High

Pressure on the Fe-V System" (Parts I and II), Trans. AIME,

Vol. 233, p. 685 (April 1965).

J. I. Goldstein, R. E. Hanneman and R. E. Ogilvie, "Diffusion in the

Fe-Ni System at 1 Atm and 40 Kbar Pressure, " Trans. AIME,

Vol. 233, p. 812 (April 1965).

G. S. Almasi, J. Blair, R. E. Ogilvie and R. J. Schwartz, "A Heat-Flow

Problem in Electron-Beam Microprobe Analysis, " J. AppI. Phys.,

Vol. 36, p. 1848 (June 1965).

J. I. Goldstein and R. E. Ogilvie, "The Growth of the Widmanstatten

Pattern in Metallic Meteorites, " Geochemica et Cosmochernica

Acta, Vol. 29, p. 893 (August 1965).
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W. G. Morris and R. E. Ogilvie,"Scanning Electron Microscopy of Iron

Whiskers_" Proceedings of the IV eme Congres International sur

ItOptique des Rayons X et la Microanalyse, University of Paris,

Orsay, France, September 1965 (to be published).

D. B. Brown and R. E. Ogilvie, "Prediction of X-ray Production and

Electron Backscattering_ " Proceedings of the IV eme Congres

International sur l'Optique des Rayons X et la Microanalyse,

University of Paris, Orsay, France, September 1965 (to be

published}.

J. I. Goldstein and R. E. Ogilvie, "Metallurgical Considerations for the

Determination of Phase Diagrams with the Electron Probe

Microanalyzer, " Proceedings of the IV eme Congres International

sur l'Optique des Rayons X et la Microanalyse, University of

Paris, Orsay, France, September 1965 (to be published).
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V° HIGH TEMPERATURE METALLURGY

Personnel:

Professor N. J. Grant; Metallurgy

Dr. B. C. Giessen; Research Associate, Metallurgy

Dr. J. T. _lu_;_l_r, _v_...... =.u'-r_t,_laLv,............. J.v,e kal±urgy

Dr. H. Mary;a; Research Associate, Metallurgy

J. S. Benjamin; Research Assistant, Metallurgy

P. Bridenbaugh; Research Assistant, Metallurgy

A. S. Bufferd; Graduate Student, Metallurgy

L. Chin; Graduate Fellow, Metallurgy

S. Cho; Research Assistant, Metallurgy

G. Ewe]l; Research Assistant, Metallurgy

B. Greene; Research Assistant, Metallurgy

F. Hunkeler; Research Assistant, Metallurgy

R. Kane; Research Assistant, Metallurgy

D. Kenagy; Research Assistant, Metallurgy

B. Lindblom; Graduate Student (Special), Metallurgy

D. Margel; Research Assistant, Metallurgy

J. C. Muratet; Graduate Fellow, Metallurgy

D. L. Ritter; Research Assistant, Metallurgy

W. Schilling; Research Assistant, Metallurgy

W. F. Smith; Research Assistant, Metallurgy

P. Srivastava; Research Assistant, Metallurgy

M. Yamazaki; Research Assistant, Metallurgy

M. Itagaki; Visiting Scholar, Metallurgy

U. Wolff; Engineering Assistant, Metallurgy

T. Curran; Technician, Metallurgy

M. Morris; Technician, Metallurgy

L. E. White; Secretary, Metallurgy

Degrees Granted

J. Benhamin; Sc. D., June 1965

J. T. Blucher; Sc.D., September 1965

A. S. Buffered; Sc. D., June 1965
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D. Kenagy; S. M., September 1965

D. Margel; S. M., September 1965

Sponsorship:

Aeronatuical Systems Division, Wright-Patterson Air Force Base AF 33

(615)-i143, DSR 9999

National Aeronautics and Space Administration NsG-ll7-61 DSR 5231

Bureau of Naval Weapons NOw-65-0106-d, DSR 5319

Advanced Research Projects Agency SD-90, DSR 5121

National Science Foundation GK- 115, DSR 4529

U. S. Army Research Office- Durham DA 31-124-ARO-D-328, DSR 4613

Office of Naval Research Nonr 3963 (18), DSR 4621

Kennecott Copper Company (Fellowship Support) BA 2643

Research Report

i. 0 Dispersion Strengthening

A number of interesting developments have transpired through

completion of several theses. Dr. Benjamin (now with International

Nickel Company) succeeded in producing wrought bar stock of high-volume

aluminide ductile metal binder composite alloys which had spectacular

oxidation resistance to 2200 o F; useful strength and ductility at 1500 to

2000 ° F; high modulus to rupture and measurable ductility at room

temperature. It was shown that the presence of a ductile binder (10 to 30

volume percent) is important in achieving high strength values(NASA).

Dr. Bufferd (New England Materials Labratory) was able to shed

new light on the subject of the role of cold work in dispersion strengthened

alloys. The contribution of intermediate annealing treatments on the

capacity for plastic deformation, with attendant increases both in strength

and ductility was explained in terms of dislocation generation, pinning

around hard particles, and rearrangements into low angle boundaries

in volumes between particles (NASA).

Mr. Ewell has extended his program to better understand the role

of NiO and MoO 2 contaminants on the stability of Ni-Mo-ThO 2 alloys;

and has initiated studies to determine the mechanisms of deformation and

fracture in oxide dispersion strengthened alloys. Mr. Hunkeler has

started preparing specimens of Fe-BeO alloys by several techniques to
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study the role of structure produced by a number of different processing

techniques, on resultant properties. Miss Margel (now BeLl Labratories)

has demonstrated that in Nb-metal oxide alloys, the Nb can reduce A120 3

at high temperatures leading to embrittlement. ThO z containing alloys

are relatively stable, but other sources of contamination lead to alloy

instability and brittleness. The Nb appears to be too reactive in fine

powder form for conventional careful processing. Mr. Schilling plans to

eomminute a series of dilute copper-aluminum alloys to ultra fine flake

to achieve surface ,_11u_--'_,_,.......na_ oxidation of the copper to study dispersion

strengthening along a route similar to that occurring naturally for

aluminum (NASA).

Mr. Chin is prepared to measure stored energy of deformation

in oxide dispersion strengthened aluminum and copper by calorimetric

techniques. First trials are due now. Mr. Kenagy is studying the role

of phase wetting or bonding on the strength and ductility of dispersion

strengthened copper. Oxide, pure metal, and intermetallic compounds

will be added in various amounts, with and without subsequent cold work

to study the role of interphase b_nding on mechanical properties (ONR).

2.0 Deformation and Fracture

Mr. Smith is continuing studies of resistivity changes in aluminum

during hot creep to establish the cause of the large changes observed.

Contributions of vacancies, dislocations, and other possible defects are

being examined for possible contributions. Mr. Kenagy has completed an

extended study of dislocation generation and motion due to hot creep, using

foil sections and transmission electron microscopy. The formation of

subgrain walls in various degrees of imperfection is clearly visible during

the creep process {NSF).

Excellent progress has been achieved in a program which utilizes

a new high strain rate tension (or creep-rupture) testing machine to

evaluate hot plasticity at high temperatures: a measure of hot working

capacity. Mr. Bridenbaugh has been studying a molybdenum alloy, TZM,

over the temperature interval 2600 to 4200°F, with unexpected evidence

of benefits to hot plasticity at low strain rates at the highest temperatures.

Mr. Greene has studied similarly a commercial jet engine alloy, a nickel

base superalloy, U-700, and is relating the observed deformation and

fracture to the alloy structure at each temperature. Low strain rates

are clearly beneficial with a sharply defined upper temperature limit above
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which plasticity decreases sharply. Mr. Kane is examining pure iron and

pure titanium and their alloys. The presence of a phase transformation

in each system will allow opportunity to examine those variables which

contribute to superplasticity, or at least to very high plasticity. The role

of mixed phases (in the alloys) on such plasticity is being studied (Bureau

of Naval Weapons}.

Mr. Lindblom has initiated a program to study the embrittlement

of low carbon columbium-containing steels utilizing high strain rate tests

at hot working temperatures. Composition variables are carbon,

columbium, and vanadium contents (Swedish support - Johnson Company}.

3.0 Equilibrium and Non-Equilibrium Alloy Phase Studies

The extremely important contributions of rapidly quenched liquid

metals in tiny droplets (up to i0 8°C per second), called Splat Cooling,

both to alloy theory and structure and property control are becoming more

evident each day.

Mr. Itagaki (returned to Japan, Mitsuibishi Metal Mining Compan_

has demonstrated a capacity to increase solubilities of copper and silicon

in aluminum up to I0 or 12 weight percent (equilibrium solubilities at

room temperature are near or less than about 0. I percent in each system).

The decomposition of such supersaturated alloys is being studied, with

measurements of particle size growth, grain growth, lattice parameter

change, heat of activation for decomposition, etc., being made. Small

quantity splat powder production for specimen making is under way (ARPA).

Mr. Muratet will concentrate on Cu-Be alloys instead of AI-Si

alloys to avoid problems of excessive surface oxidation in splat cooled

aluminum flake powders. It is planned to consolidate these Cu-Be splat

cooled powders to provide material for mechanical and physical tests

(ARPA}.

Dr. Matyja is studying the mechanism of decomposition of A1-Si

splat cooled alloys to establish rate of silicon particle growth and to

establish the activation energy for the decomposition of the highly super-

saturated solid solution (NSF).

Mr. Srivastava has been examining group Via and related metals

in binary systems by splat techniques to observe tendencies to produce

"metastable" phases. Resultant structures and phases will be utilized to

advance alloy and phase theory among the semi-metal and intermetallic

alloys {NSF).
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Mr. Cho has been studying the influence of atomic substitutions

on the crystal structure of ordered close-packed transition metal phases

among a series of pseudobinary systems which include TaRh3, TaPd3,

TaRu 3, Talr 3, TaPt 3, TaNi 3, NbIr 3, NbPt 3, NbRu3, ZrPt3, and YPT 3

(USAR, Durham}.

Dr. Giessen is continuing extended studies in phase equilibria

involving close-packed transition metal phases, and metastable splat

cooled structures in a number of systems. The extent of his studies is

clearly evident h_ the appended publication list (ARPA, NSF, USAR -

Durham}.

4.0 Fatigue Behavior at Elevated Temperatures

Dr. Blucher has just completed a study of the role of high strain,

low strain rate, low cycle fatigue as a function of temperature for pure

aluminum and an aluminum - 10 percent zinc alloy which shows the very

large role played by both temperature and strain rate on the life of materials

tested in axial fatigue, especially with increasing temperature. The role

of grain size was also established. A marked change in the fracture

mechanism takes place above about 300°F. Mr. Ritter is examining all

specimens for a detailed analysis of the deformation modes and the

initiation and progress of cracks. All cracks initiate intergranularly.

Electron microscopy has been particularly successful for these studies,

particularly following the development of a new replication technique which

can be applied to the round surfaces of test specimens (ASD}.
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Publications

"The Niobium (Columbium)-Rhodium Binary System", Part I: The

Constitution Diagram. D. L. Ritter, B. C. Giessen, and N. J.

Grant. Trans. Met. Soc. AIME, V. 230, No. 6, Oct. 1964,

p. 1250.

"The Niobium (Columbium)-Rhodium Binary System, Part II: Crystal

Structure Relationships". B. C. Giessen, D. L. Ritter, and

N. J. Grant. Trans. Met. Soc. AIME, V. 230, No. 6, Oct. 1964,

p. 1259.

"The Niobium (Columbium)-Iridium Constitution Diagram", B. C. Oiessen,

R. Koch, and N. J. Grant. Trans. Met. Soc. AIME, V. 230,

No. 6, Oct. 1964, p. 1268.

"Creep and Grain Boundary Sliding in AI-3% Cu Alloy", Y. Ishida,

A. W. Mullendore andN. J. Grant. Trans. AIME, Met. Soc.,

Vol. 230, No. 6, Oct. 1964, p. 1454.

"Recent Advances in Powder Metallurgy", N. J. Grant. Trans. Canadian

Mining and Metallurgical Bulletin, 68, 1965, p. 112.

"ThO 2 Dispersion-Strengthened Ni and Ni-Mo Alloys Produced by

Selective Reduction", J. G. Rasmussen and N. J. Grant. Powder

Metallurgy, Vol. 8, No. 15, 1965, p. 92.

"On the Constitution Diagram Ta-Pt Between 50-100 Atomic Percent Pt",

B. C. Giessen, R. H. Kane and N. J. Grant. Trans. AIME Met.

Soc., 233, 1965, p. 355.

"The Crystal Structure of VNi2, VPt2, and Related AB 2 Phases", B. C.

Giessen and N. J. Grant. Jour. of the Less Common Metals, 8,

1965, p. I14.

"New Intermediate Phases in Transition Metal Systems (II)", B. C.

Giessen andN. J. Grant. ActaCryst. 18, 1965, p. 1080.

"The Crystal Structure of TaNI 2 , B. C. Giessenand N. J. Grant, Trans.

AIME Met. Soc., 230 December 1964, p. 1730.

"Internal Grain Boundary Sliding During Creep", Y. Ishida, A. W.

Mullendore and N. J. Grant. Trans. Met. Soc. AIME, 223,

January 1965, p. 204.

"New Metastable Alloy Phases of Au, Ag, A1 (Technical Note), P.

Predecki, B. C. Giessen, and N. J. Grant. Trans. AIME Met.

Soe., 233, 1965, p. 1438.

"Oxide Dispersion Strengthening of Cobalt-Base Alloys", A. S. Bufferd

and N. J. Grant. Journees Internationales des Applications

duCobalt. Brussells, 1964 (June 9-Ii) p. 251.
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"Deformation and Fracture at Elevated Temperatures" (Book}, N. J. Grant

and A. W. Mullendore. M_IT Press, Cambridge, Mass. 1965.

"A Study of the Splat Cooling Technique", P. Predecki, A. W. Mullendore,

and N. J. Grant. Trans. AIME Met. Soc., Z33, No. 8, 1965,

p. 158.

"Alumina Dispersion-Strengthened Copper-Nickel Alloys", Michio

Yamazaki, and N. J. Grant. Trans, AIME Met. Soc., 735, No. 8,

1965, p. 1573.

Papers submitted for publication

"A Metastable Intermediate Phase in the System Indium-Indium Antimony",

B. G. Giessen, R. Kane, and N. J. Grant: (Accepted, Nature).

"Aluminide-Ductile Binder Composite Alloys", J. S. Benjamin and N. J.

Gram (Submitted, AIME).

"New Metastable Phases in Binary Tin Alloy Systems", R. H. Kane,

B. C. Giessen, and N. J. Grant (accepted, Acta Met.}.

"Ordered AB and AB 2 Phases in T 6 - T 9 Alloy Systems", B. C. Giessen,

U. Jaehnigen, and N. J. Grant: (Accepted, Jour. Less Common

Metals).

"Intermediate Phases in the Ternary System Nb-Ni-A1 at 1140°C '',

J. S. Benjamin, B. C. Giessen, and N. J. Grant (Accepted,

AIME}.

"Dispersion Strengthening" (Chapter), N. J. Grant (to be published in

Proceedings of Sagamore Conference, August, 1965).

"The Effect of Bismuth on the Hot Plasticity of Two Stainless Steels at

High Temperatures and High Strain Rates", J. M. Dhosi,

L. Morsing, and N. J. Grant (Accepted, AIME).
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VI PROCESS METALLURGY AND HIGH-TEMPERATURE CHEMISTRY

Personnel

Professor John Chipman, Professor Emeritus, Metallurgy

Professor John F. Elliott, Professor, Metallurgy

Professor Derek J. Fray, Assistant Professor, Metallurgy

Professor Thomas B. King, Professor, Metallurgy

Professor Jorg Osterwald, Visiting Assistant Professor, Metallurgy

Olga Repetylo, Research Associate, Metallurgy

William Eisen, Graduate Fellow, Metallurgy

Alain Boyer, Research Fellow, Metallurgy

Pesi N. Dastur, Research Fellow, Metallurgy

Gordon Forward, Research Fellow, Metallurgy

John P. Hager, Research Assistant, Metallurgy

Michel Jeannerod, Research Fellow, Metallurgy

Harold Larson, Research Assistant, Metallurgy

Johannes E. Picard, Research Fellow, Metallurgy

Barry Rosoff, Research Fellow, Metallurgy

Vasilos S. Salapatas, Research Assistant, Metallurgy

David Schroeder, Research Assistant, Metallurgy

Juan Sodi, Research Assistant, Metallurgy

Frank Woolley, Graduate Fellow, Metallurgy

John Yarwood, Research Assistant, Metallurgy

James Stack, Technician

Sylvia Harrington, Secretary, Metallurgy

Barbara Westdyke, Secretary, Metallurgy

Degrees Granted

Jean-Pierre Anselmini, S.M., September, 1965

Lyall F. Barnhardt, Sc. D., June, 1965

Jean-Michel Balling, S.M., June, 1965

John P. Hager, Ph.D., January, 1966

David Higbee, S.M., September, 1965

Un Taek Son, S.M., June, 1965

Francoise Thiesse, S.M., September, 1965
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Sponsorship

The research is sponsored by the following agencies. Specific

sponsorship is also listed under each individual research project.

National Aeronautics and Space Administration, (Center for Space

Research) (NsG-496 Part), DSR 4571 DSR 9944

National Bureau of Standards, CST-1306, DSR 4673

National Science Foundation, GP-2294, DSR 9992

Advanced Research Projects Agency, SD-90, DSR 8883

American Iron and Steel Institute, DSR 9875, 9876

i. 0 Thermodynamics of Sulfides

Sponsorship

National Science Foundation

Research Report

Mr. Harold Larson is measuring the free energy of formation of

sulphur monoxide. The measurement consists of determining the oxygen

potential as a function of the partial pressures of SO 2 and of temperature

in a reversible electrochemical cell that uses calcium zirconate as the

electrolyte. Currently measurements are being made with SO 2 from

several different sources.

Mr. John Hager has measured the standard free energies of

formation of CrS, Mo2S 3 and WS 2. Mr. Jean-Michel Bailing determined

the same properties for PtS and RuS 2. The method consisted of

determining the ratio PH2S/- PH2 , in equilibrium with the metal and the
metal sulfide. The temperature range of the

experiments was 900 ° to 1300°C. Mr. Juan Sodi is continuing the work

and will begin with a study of ReS 2.



SECTION C - METALLURGY AND MATERIALS SCIENCE

2.0 Thermodynamics of Alloy Systems

Sponsorship

American Iron and Steel Institute {Ferrous alloys}

National Science Foundation {Non-ferrous alloys}

National Aeronautics and Space Administration
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Research Report

Mr. David Schroeder began a study of the use of the torsion

knudsen effusion method to obtain the thermodynamic properties of solid

alloys. He has obtained measurements on the Fe-Mn, Fe-Cu and Fe-Ni

systems between 900 ° and 1300°C. His work shows that depletion of the

source alloy in the cell may contribute a serious error to the measurement.

Currently he is developing the mathematical treatment that is necessary

to predict the error and which may be used to correct the experimental

measurements so that the proper results may be obtained.

Mr. Michel Jeannerod is determining the activity of A1 in liquid

A1-Ni alloys in the temperature range of t300 ° to 1500°C by the

transpiration method.

Professor Chipman has finished his studies on the prediction

of the solubility of nitrogen in molten steel.

Mr. David Higbee studied the thermodynamic properties of

manganese in the Fe-Si-Mn-C system and has obtained data on the

influence of silicon on the activity of manganese in carbon-free and carbon-

saturated alloys at several ratios of XMn in the range of 0.01

XFe + XMn

to approximately 0.6. Experimental work on

this system has been discontinued until the data obtained in the last

several years has been consolidated and reported.



182

3.0 The Hi@h- Temperature Solution C alorimeter

Sponsorship

American Iron and Steel Institute

National Science Foundation

Research Report

Progress with the apparatus has been better than was expected

last year. Accordingly, measurements of the partial molar heats of

mixing of Si in Fe-Si alloys, of Si in Ni-Si alloys, and of Cu in Fe-Cu

alloys at 1600°C are now in progress. Mr. Frank Woolley will complete

this work by early summer. He also has in progress an extensive

analysis of the dynamic behavior of the calorimeter system.

4.0 Diffusion of Volatile Metals Throu@h Non-Volatile Materials

Sponsorship

National Aeronautics and Space Administration

Research Report

Professor Fray has taken over the study of the use of the Knudsen

effusion cell for measuring diffusion coefficients in solid alloys as we

seem to have reached a point where someone particularly skilled in

labratory methods needs to work with the apparatus to prove up the

method. An extensive analysis of the experimental errors showed that

by improving the temperature control and measuring the thickness and

area of the foil to within ± 5 %, diffusion measurements accurate to

+ 10% should be possible using the present apparatus. The temperature

control system has been completely rebuilt enabling an even temperature

zone of± 1°C to be maintained for 24 hours. The diffusion cell has been

redesigned and preliminary values of the diffusion coefficient of zinc

through silver are in reasonable agreement with the data in the literature.
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5.0 Gas-Metal Kinetics

Sponsorship

American iron and Steel institute

National Science Foundation

Advanced Research Projects Agency
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Research Report

Mr. Un Taek Son has completed work with the measurement of

the effect of surface active elements on the kinetics of absorption of

nitrogen in liquid iron. He found that copper, which is surface active

in iron, influences the rate in much the same manner as does oxygen.

The gas analyzer (small spectrometer) and the accompanying

furnace for the knudsen effusion cell have been placed in operation. The

purpose of the apparatus is to identify vapor species and to measure the

ratios of concentrations of species in the molecular beam from the

effusion cell. Mr. William Eisen's first study is to obtain information on

the free energy of formation of CS relative to that of CS 2. Then he will

undertake a study of the effect of the presence of alloying elements on the

vapor species leaving an iron melt at pressures below 10 -4 torr.

Particular attention will be paid to the influence of the refractory material

on the vapor species in the system.

6.0 Nucleation of inclusions in Steel

Sponsorship

American Iron and Steel institute

Research Report

Mr. Gordon Forward's study of the formation of oxide inclusions

in the Fe-O-Si system is virtually complete. He has paid particular

attention to the identification of the compositions of the inclusion which

range from virtually pure FeO to pure SiO 2. He has obtained further
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experimental evidence to support the theoretical analysis put forward by

Dr. Turpin that there is a barrier to nucleation of the oxides as a result

of the interfacial tension between iron and the oxide.

Further study of the Fe-O-AI system is being pursued. Mr.

John Yarwood is beginning a study of the kinetics of formation of the

sulfides in steels.

7.0 Properties of Oxide Melts

Sponsorship

National Science Foundation

Research Report

Mr. Alain Boyer's study of the structure sensitive properties

of certain of the phosphate melts is now being completed. He is

determining the densities, expansivities and surface tensions of selected

compositions and mixtures in the systems LiO2-PzO5, Na20-P20 5,

ZnO-P20 5 and CaO-P20 5 by the maximum bubble technique. One

result of the study will be the development of a better basis for predicting

the structure of an oxide melt from certain of its physical properties.

His thesis is being written this spring.

8.0 Compilation of Thermodynamic Data of Inorganic Phases at

Elevated Temperature s

Sponsorship

National Bureau of Standards

Research Report

Dr. Olga Repetylo and Professor John F. Elliott are undertaking

a critical evaluation and compilation of thermodynamic data of liquid

metallic solutions. They are being assisted in this work by Professor
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JohnChipman.Theareasbeingcoveredare thethermodynamic
propertiesof solventelementsin multicomponentliquidmetallicsolutions
andthethermodynamicpropertiesof multicomponentliquidoxidephases
at elevatedtemperatures. Thesetopicsaredirectlyrelatedto a number
of experimentalstudiesthat arenowin progressin theProcess
Metallurgygroup.

9.0 Kinetics of CO Evolution from Liquid iron

Sponsorship

American Iron and Steel Institute

Research Report

R. A. Karasev and P. Dastur have shown that the desorption of

CO, into an argon atmosphere, from liquid iron is a much slower process,

at low carbon contents, than absorption, which can be shown to be a

process controlled by transport of carbon and oxygen in the iron. A study

of the process, using CO to which the isotopic species C 140 has been

added, reveals that the radioactive exchange is also slow at low carbon

contents. It is tentatively concluded that the elementary step in which
12

C and O, dissolve in the iron, are adsorbed on the surface, is hindered

by the presence of excess oxygen on the surface.

10.0 Thermodynamics of the System Fe-Sn-S

Sponsorship

American Iron and Steel Institute

Research Report

V. Salapatas has extended the work of P. Beer on the free energy

of formation of SnS(g) to temperatures of about 1500°C. It has been

shown that the vapor species is predominantly SnS. Measurements by
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the same vapor transport technique on alloys of tin and iron allow

calculation of the activity of tin in alloys much richer in tin than those

studied by R. Shields using a distribution technique.

l i. 0 Kinetics of Iron Oxidation in Ar-H2-O z mixtures

Sponsorship

American Iron and Steel Institute

Research Report

Mr. J. Picard has continued his study of the oxidation of iron

in argon, at low partial pressures of oxygen. Even if hydrogen is added

in sufficient amounts to prevent oxidation (on thermodynamic grounds)

this is not successful if the temperature is low. The factors which

govern the rate of oxidation are now being studied.
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Publications

J. Chipman, "The System Fe-C-Si-O, " Steelmaking: The Chipman

Conference, p. 3-16, The M.I.T. Press, 1965.

J. Chipman, "Non-Metallic Elements Dissolved in Molten Alloy Steels, "

(Translated into Japanese by T. Fuwa} Tetsu-to-Hagane, S1,

1477-89, (1965}.

J. Chipman and D. A. Corrigan, "Prediction of the Solubility of Nitrogen

m Molten Steel, " Trans., Met. Soc., AIME, 23___3, i249 (1965).

R. N. Dokken and John F. Elliott, "Calorimetry at 1100 ° - 1200°C,

Cu-Ni, Cu-Ag, Cu-Co Systems, " T_ran___s., Met. Soc., AIME,

233, 1351-8 (1965).

J. F. Elliott, Ed., and T. R. Meadoweroft, Asst. Ed., Steelmaking:

The Chipman Conference, The M. I.T. Press, Cambridge,

Massachusetts, 1965.

J. F. Elliott, "Some Thoughts on the Analysis of Systems, " Chapter 16,

Steelmaking: The Chipman Conference, The M. I.T. Press,

Cambridge, Massachusetts, 1965.

T. B. King and W. A. Ledeboer, "Polarography and Electrode Processes, "

Steelmaking: The Chipman Conference, The M.I.T. Press,

Cambridge, Massachusetts, 1965.

D. A. Kirkwood and T. Fuwa and J. Chipman, "The Reaction of Silica

With Carbon in Liquid Iron, " Trans______=,Met. Soc., AIME, 233,

1294, (1965).

C. H. P. Lupis and John F. Elliott, "The Relationship Between the

Interaction Coefficients _ and e, " Trans., Met. Soc., AIME, 233,

257-8 (1965).

C. H. P. Lupis and John F. Elliott, "Free Energy, Entropy and

Enthalpy Interaction Coefficients, " Trans____:., Met. Soe., AIME,

233, 829-830 (1965).

C. H. P. Lupis and John F. Elliott, "Generalized Interaction Coefficients,

Part I, Definitions, " Acta Met. (due for March, 1966 publication}.

C. H. P. Lupis and John F. Elliott, "Generalized Interaction Coefficients,

Part II, Free Energy Terms and the Quasi-Chemical Theory, "

Acta Met. (in press}.

C. H. P. Lupis and John F. Elliott, "Generalized Interaction Coefficients,

Part HI, Prediction of Enthalpy and Entropy Terms, " Acta Met.

(in press}.
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C. H. P. Lupis and John F. Elliott, "Generalized Interaction Coefficients, "

Journal of The Iron and Steel Institute, 739-740, (July, 1965).

C. H. P. Lupis and John F. Elliott, "Correlation Between Excess Entropy

and Enthalpy Functions, " Trans., Met. Soc., AIME, 236,

130 (1966).

J. I%. Rawling and John F. Elliott, "The Reduction of Silica in Blast

Furnace Slag-Metal Systems," Trans., Met. Soc._ AIME, 233,

1539-45 (1965).

R. H. Rein and J. Chipman, "Activities in the Liquid Solution

SiO2-CaO-MgO-AI203, " Trans., Met. Soc., AIME 23___33,415

(1965).

R. Shields and T. B. King, "Thermodynamics of the Fe-Sn-C System, "

to be submitted for publication in Trans., Met. Soc. , AIME.

M. Turpin and John F. Elliott, "Nucleation of Oxide Inclusions in Iron

Melts, " Journal of The Iron and Steel Institute (due for April,

1966, publication).

T. C. Wilder, "An Electromotive-Force Study of the Thermodynamic

Properties of the Liquid AI-Ge System and the Germanium-Rich

AI-Ge Liquidus,'] Trans., Met. Soc., AIME, 236, 88-94 (1966).

Theses

Jean-Pierre Anselmini, "Transient Behavior at Platinum Electrodes in

Silicates Electrolytes," S. M. Thesis, September, 1965.

Jean-Michel Balling, "The Free Energy of Formation of Platinum Sulfide

and 1%uthenium Sulfide, " S. M. Thesis, June, 1965.

Lyall Barnhardt, "The Parallel Oxidation of Carbon and Chromium in

Liquid Iron (1600°C), '' Sc.D. Thesis, June, 1965.

John P. Hager, "Thermodynamic Properties of the Group XI Sulfides:
a

CrS, Mo2S3, and WS2," Ph.D. Thesis, January, 1966.

David Higbee, "The Thermodynamic Properties of Manganese in the

Fe-Si-Mn-C System," S.M. Thesis, September, 1965.

Un Taek Son, "Effect of Surface Active Elements on the Kinetics of

Absorption of Nitrogen in Liquid Iron, " S.M. Thesis, June, 1965.

Francoise Thiesse, "Reversibility of Silicon Concentration Cell Using

Fused Lithium Silicate as Electrolyte, " S.M. Thesis, September,

1965.
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VII METALS PROCESSING

1.0 Casting and Solidification

Per sonne I

M. C. Flemings, Associate Professor Metallurgy

T. F. Bower, Research Associate, Metallurgy

T. Z. Kattamis, Research Associate, Metallurgy

E. H. Backman, Engineering Assistant Metallurgy

H. D. Brody, DSR Staff Metallurgy

R. F. Polich, DSR Staff Metallurgy

R. B. qCilliamson, DSR Staff Metallurgy

R. Berry, Technician Metallurgy

P. J. Ahean, Graduate Student, Metallurgy

B. P. Bardes, Research Assistant Metallurgy

R. V. Barone, Research Assistant Metallurgy

g¢. E. Brower, Graduate Fellow, Metallurgy

J. M. Coughlin, Teaching Assistant, Metallurgy

U. Holmberg, Graduate Student, Metallurgy

J. Kaneko, Research Assistant, Metallurgy

R. Mehrabian, Teaching Assistant, Metallurgy

G. E. Nereo, Research Assistant, Metallurgy

E. S. Palmer, Graduate Fellow, Metallurgy

D. R. Poirier, Research Assistant, Metallurgy

P. Sexton, Graduate Fellow, Metallurgy

S. N. Singh, Research Assistant, Metallurgy

R. W. Strachan, Research Assistant, Metallurgy

H. P. Utrech, Research Assistant, Metallurgy

Francis M. Gedziun, Secretary, Metallurgy

A. Barbara Rich, Secretary, Metallurgy

Degrees Granted

H. D. Brody, Sc.D., February 1965

T. F. Bower, Sc.D., June 1965

'r. Z. Kattamis, Sc.D., June 1965

H. P. Utech, Sc.D., June 1965

B. P. Bardes, Sc.D., August 1965

P. J. Ahearn, Sc.D., February 1966
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J. Kaneko, S.M., June 1965

R. F. Polich, S.M., June 1965

U. Holmberg, S.M., February 1965

E. S. Palmer, S.M., February 1965

Sponsorship

Instrumentation Laboratory (Prime AF33(657)-7668), DSR 5399

Army Ordnance, DA-19-020-ORD-5443(X), DSR 6037

Army Ordnance, DA-19-0Z0-AMC-0Z]I(X), DSR 9885

Army Ordnance, DA-36-038-AMC-Z943(A), DSR 4963

Office of Naval Research, NONR-396](09), DSR 9988

U. S. Steel Grant-in-Aid, DSR 9693

Advanced Research Projects Agency, SD-90, DSR 8883, 8893

Research Report

Research is primarily connected with liquid-solid transformations;

a central aim of the research is to gain greater control over structure and

properties of materials through control of solidification. Work is currently

under way in the followir_g areas.

1. 1 Crystal Growth

Research Report

During the last year, substantial progress was made in establishing

a Metal Crystal Growth Facility, as a part of the Materials Center. In

addition to equipment on hand, facilities installed included horizontal and

vertical boat crystal growing units, an induction zone refiner, and an electron

beam crystal growing unit (10 -6 mm). Plans were made to install additional

units as funds became available. (ARPA)

Research on crystal growth included continuation of study of

structure and growth of single crystals in magnetic fields. (Effect of the

field is to eliminate turbulent thermal convection). Research on crystal

growth of eutectics was initiated. These programs are discussed below.
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1. Z Effect of Fluid Flow on Structure

Research Report

In recent years, extensive work has been conducted on effects of

fluid flow (during solidification} on solute redistribution. Only very limited

work has been conducted on effect of flow on structure. In this study,

examination is being made of effect of flow on structure of metals solidified

with plane front, cellularly, and dendritically. Emphasis during the last

year has been on +h_.._..... .._.1 convection, on (a} .........,..cas _,_ _,,,,..,.+_ and _,_,_j_--_=.s .,._

thermal convection during crystal growth, (b) effect of this convection on

structure, and (c} elimination of the convection by imposed magnetic field.(ONR}

1.3 Composite Materials

Research Report

Emphasis in this research is on (a) solidification behavior of the

matrix in infiltrated composites, and (b) solidification behavior of composites

grown directly from the melt (e. g., eutectics). {Army Ord. )

1.4 Growth Kinetics and Structure of Metals Solidified at Large

Degrees of Undercooling

Research Report

Primary aim of this study is to investigate effects of large degrees

of undercooling (up to 300°C. ) on structure and solute redistribution in

metallic alloys. A secondary aim of the research is to develop improved

methods for producing n onequilibrium structures (supersaturated and/or

glassy structure} by rapid cooling of metallic melts. {Army Ord., U.S. Steel}

Mathematical models developed to describe solute redistribution in

undercooled alloys agree thus far with experiment. Experimental work is

currently on (a} bulk samples (approximately 100 grams} undercooled in

glassy containers, and (b) levitated melted droplets. The levitated metal

droplets are undercooled and dropped between two rapidly closing metal

platens before nucleation.

Grain size and dendritic structure of undercooled melts are shown

to be strongly dependent on coarsening (ripening} during solidification after

recalescence.
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i. 5 Dendrite Morphology and Orientation

Research Report

The mechanism of growth of dendrites is not well understood,

although it is clear that growth must depend on a complex interplay of heat

flow, mass flow, and surface kinetic factors. Research in this study is

directed at understanding this mechanism and the resulting dendrite morph-

ology. In related work, studies are being conducted on the development and

control of preferred directions of columnar growth ("texture") in cast metals.

(Army Ord. )

i. 6 Solute Redistribution

Research Report

This program is concerned primarily with solute redistribution

in liquid and solid during dendritic growth. Computer programs have been

formulated for determining extent of solid state diffusion to be expected during

dendritic growth of binary alloys. Comparison of results with experiment has

been excellent. Useful simplified mathematical expressions have also been

formulated. Experimental and analytical work is also under way on more

complex systems (e.g., ternary alloys). Army Ord.

i. 7 Macrosegregation

Research Report

This research comprises analytical and experimental study of

macrosegregation (in ingot solidification). A general expression has been

obtained for segregation caused by flow of solute-rich liquid to feed solidifica-

tion and thermal contractions. It is shown that inverse segregation and

centerline segregation can be understood as limiting cases of the analysis,

and other types of segregation including macroscopic "banding". Army Ord.

Publications

A. A. Tzavaras and M. C. Flemings, "Measurement of Microporosity by

Microradiography", Transactions Met. Soc. A.I.M.E., v, 233,

1965, pp. 355-359.

T. Z. Kattamis and M. C. Flemings, "Dendrite Morphology, Microsegrega-

tion, and Homogenization of Low-Alloy Steel", Transactions

A.I.M.E., v. 233, 1965, pp. 992-999.
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M. C. Flemings: "Controlled Solidification", Proceedings Twelfth Sagamore

Army Materials Research Conference, August, 1965.

H. P. Utech, M. C. Flemings, "Elimination of Solute Banding in Indium

Antimonide Crystals by Growth in a Magnetic Field", accepted for

publication, J1. Applied Physics.

H. D. Brody, M. C. Flemings, "Solute Redistribution in Dendritic Solidifica-

tion", accepted for publication Trans. Met. Soc. A.I.M.E.

T. F. Bower, H. D. Brody, M. C. Flemings, "Measurements of Solute

Redistribution in Dendritic Solidification", accepted for publication

Trans. Met. Soc. A.I.M.E.
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Z.0 Joining, Deposition, and Crystallization

Personnel

C. M. Adams, Jr., Professor, Metallurgy, American Brake Shoe Co.

Professor of Metallurgy

Dr. S. Weiss, Research Associate, Metallurgy

'r. Santala, Graduate Fellow, Metallurgy

D. Bromer, Research Assistant, Metallurgy

E. Brush, Research Assistant, Metallurgy

D. A. Corrigan, Research Assistant, Metallurgy

M. Delsol, Research Assistant, Metallurgy

R. G. Gilliland, Research Assistant, Metallurgy

J. Goldstein, Research Assistant, Metallurgy

G. Hartzler, Research Assistant, Metallurgy

S. Jain, Research Assistant, Metallurgy

M. Oron, Research Assistant, Metallurgy

D. Parker, Research Assistant, Metallurgy

K. J. Pulkonik, Research Assistant, Metallurgy

W. Stowell, Research Assistant, Metallurgy

P. F. Hughes, Technical Instructor, Metallurgy

A. J. Zona, Engineering Assistant, Metallurgy

G. Eldis, Laboratory Assistant, Metallurgy

M. D. Eldis, Laboratory Assistant, Metallurgy

N. White, Secretary, Metallurgy

Degrees Granted

J. Goldstein, S.M., June 1965

E. Jordahn, S.M., Chemical Engineering, June 1965

S. Weiss, Sc.D., June 1965

Sponsorship

Linde Division, Union Carbide Corporation, DSR 5317

United States Steel Corporation, DSR 8946

U.S. Department of the Navy, Bureau of Ships, Contract No. NObs-88370,

DSR 5385

U.S. Department of the Interior, Office of Saline Water, Contract No.

14-01-0001-Z79, DSR 9Z78

NASA, Subcontract under Manlabs, Inc., prime Contract NASS-I1091,

DSR 9981
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Ing. C. Olivetti + C., S.p.A., DSR 6125

U.S. Naval Civil Engineering Laboratory, Contract No. NBy-6216Z, DSR

4524

2.1 Heat Flow in Fusion Welding

Research Report

Experimental and theoretical techniques have been developed and

refined for observing, correlating and predicting thermal cycles in or near

fusion welds. Mathematical relationships giving peak temperatures, and

cooling rates generated by moving heat sources (arcs, plasmas, electron

beams} have been developed and include modifications which account for

the temperature dependence of thermal properties and for surface radiation

and convection. The research performed to date has made it possible to

accurately predict the thermal cycle at any point of interest in or near a

weld given sufficiently accurate data characterizing the heat source and the

influential geometric factors (i.e. groove configuration, presence of edges,

plate thickness, etc. ). The present state of knowledge permits detailed

diagnosis of a weld by destructive metallographic examination. Considerable

efforts are also being directed towards improvement of the ability to predict

the thermal events associated with arc welds by studying the thermal

characteristics and efficiencies of the processes used to make these are

welds.

2. Z Promotion of Wetting and Brazing

Research Report

A technique for promoting wetting and brazing on oxidized and

oxide surfaces has been developed and studied. Application of the technique

to systems known to exhibit poor wetting characteristics have yielded excellent

results. Attempts to analyze and understand the phenomena and mechanisms

causing this behavior are being made.
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Z. 3 Solidification

Research Report

The principal objective of this investigation is to promote funda-

mental understanding of the mechanism of solidification of aqueous solutions,

and the effects of externally applied electrical and magnetic fields on solidi-

fication. A detailed study of dendritic freezing of ionic aqueous solutions

was performed with emphasis on establishing quantitative thermal features

of freezing systems and the solidification behavior of systems involving more

than one solute.

Z. 4 Residual Stresses and Cracking in Welded High Strength Steel

Research Report

An analysis of the development, magnitude and changes of residual

stresses caused by welding at various energy input levels has been attempted

by means of progressive destruction (removal by machining) of the test

specimen followed by strain gage measurements at numerous intervals. The

incidence of cracking and its relation to residual stress is also being evaluated.

Z. 5 Electron Beam Vacuum Deposition

Research Report

A study of techniques involved and structures produced in vacuum

evaporation and condensation of ceramics, metals and alloys. Important

processing variables being studied include substrate temperature, deposition

rate, pressure, electron beam voltage and the thermal and chemical nature

of the evaporating source.

Publications

C. M. Adams, "Properties and Processing of Ice and Snow (Solidification)"

Final Report, Air Force.

S. Weiss and C. M. Adams, Jr. ,"Brazing of Beryllium", MIT Instrumentation

Laboratory Report E-1734, February 1965.

Theses

E. F. Brush, "Dendritic Solidification of Water Containing Mixtures of

Three Solutes", S.M., January 1965.

S. Weiss, "Promotion of Wetting" , Sc. D., June 1965.
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E. W. Jordahn, "Massive Void Free Electron Beam Deposition of Aluminum

Oxide", S.M., June 1965.

J. Goldstein_ "Vacuum Deposition of Aluminum Oxide", S.M., June 1965.
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VIII CERAMICS
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Sponsorship

The research is sponsored by the following agencies. Specific

sponsorship is also listed under each individual research report.

Atomic Energy Commission, Contract No AT(30-1}-2574, DSR 8559

Office of Naval Research, Contract Non. Nonr 1841(82), DSR 8956

Naval Civil Engineering Laboratory, Contract No. NBy-62162, DSR 4524

Ford Foundation Post-Doctoral Fellowship

General Electric Company Fellowship

National Science Foundation Fellowship
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Research Report - Survey

'rhe current research program in ceramics can be broadly described

as including: (I) research on kinetics of phase changes, diffusion, and the

development of microstructure in ceramics, (2) relationship of properties

to composition, crystal structure, and microstructure, and (3) research on

the structure and properties of noncrystalline solids. Each of these areas

of research is described in detail in the report.
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I. 0 Kinetics of Phase Changes, Diffusion, and Microstructure Develop-

me nt

Personnel: Professors W. D. Kingery, R. L. Coble, B. J. Wuensch,

D. R. Uh!mann; Dr. M. J. Bannister; R. L. Anderson, W. M.

Beasley, T. J. Brown, T. K. Gupta, G. S. Meiling, R. E. Mistier,

W. H. Rhodes, R. J. Tiernan, and P. J. Vergano

I. 1 Cation Self-Diffusion in Strontium Titanate--Dislocation and Grain

Boundary Effects

Personnel: Professor Kingery; W. H. Rhodes

Sponsorship

U. S. Atomic Energy Commission, AT(30-I)-2574, DSR 8559

Research Report

Cation self-diffusion has been measured in 95% dense polycrystalline

and in single crystal strontium titanate. Both types of samples show non-

homogeneous diffusion kinetics which have been successfully interpreted by

the Fisher model. Cation lattice self-diffusion has been shown to be extremely

slow and an equation for the maximum strontium lattice self-diffusion rate

is presented. The composite diffusion coefficient (P) of the Fisher model is

shown to have a dependence on dislocation density (p) in single crystals at

1875°C given by:

10-19) 0.231 + 0.096P = (3.84 x p -

for strontium and

10-19) 0. Z64 + 0.057P × (2.92 x p --

for titanium. It has previously been shown that oxygen ions have enhanced

diffusivities in dislocation pipes. Therefore, for the first time it has been

shown that all ions of an ionic system exhibit enhanced dislocation diffusion.

This fact also invalidates the theory which states that the ion's relative

polarizability is the critical factor in determining whether or not it will show

enhanced boundary diffusivities. 'Fhe Harrison criteria for determining

whether or not homogeneous kinetics will be operative have been experi-

mentally shown to be unduly restrictive.

Based on an assumed maximum equation for lattice diffusion and a

narrow high diffusivity boundary (consistent with the kinetics), the equation

for the temperature dependence of strontium grain boundary is given by:

D B = Z.97 x 109exp[- 136.9±4.0 kcal/RT ]
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for the temperature interval 1260°C to 1800_C, and of strontium dislocation

pipe diffusion is given by:

Dp = 2.67 x i0° exp [- 116.5_+ 22.8kcal/RT]

for the temperature interval 1495°C to 1875°C.

Dislocation configuration and slip have been examined. A mechanism

for solidification during Verneuil crystal growth is proposed that is based

on a symmetrical dislocation pattern in the crystal. The principal sli_ _

systemis the _I00_ <I00 > and possible secondary systems are the _II0_

< 00> odi
I. 2 Sintering

Personnel: Professor Coble; W. M. Beasley, T. K. Gupta, and R. E.

Mistler

Sponsorship

U. S. Atomic Energy Commission, AT(30-I)-2574, DSR 8559

Research Report

Results on the sintering of copper powder compacts on the basis of

a new diffusion model for sintering were reported earlier. Since then a

detailed study on the sintering of ZnO has been undertaken by Gupta. The

objective of this study is to identify the mechanism of material transport

during intermediate and final stages of sintering. The effect of additives on

the microstructural change and densification is also under study. The results

of these studies indicate that there is a quantitative agreement between the

diffusion coefficients calculated from the intermediate stage of sintering

models and the coefficients obtained by tracer techniques. The addition of

Li2Odecreased the finaldensification, whereas addition of K20 increased

the density to about 99% of the theoretical. The grain size, under identical

sintering conditions, is about half as large with K-doped ZnO as with Li-

doped or pure ZnO.

A study of sintering in various gamma alumina raw materials by

Mistler has revealed inhomogeneities due to forming which can be eliminated

by long sintering time. As a result, after long periods of sintering, the

grain size tends to become uniform.

A study was carried out to determine the effect on densification of

size of sample, atmosphere, and forming pressure on both pure alpha-alumina

and on alpha-alumina doped with 0. Z5 wt % magnesium oxide. The atmospheres
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employedwerehydrogenandvacuum.Theresultsindicatedthatentrapped
gasesin poresremovedfrom asurfaceor grainboundarycontroltherate
of approachto theoreticaldensity. Thiswascorroboratedbythefact that
thickandthinsamplessinteredto aboutthesamedensityin vacuobutwere
widelyseparatedwhensinteredin hydrogen.

Experimentstoproducetheoreticallydensesamplesof purealuminum
oxideby sinteringwereperformed,andit wasfoundthatapproximately97%
of theoreticalis thebestthatcanbeattainedat thepresenttime. Thetech-
niqueof seeding with single crystal sapphire spheres is being used to measure

rates of boundary migration in pure alumina at various densities greater

than 90% of theoretical density to determine the effect of pores on boundary

migration during discontinuous grain growth.

Experiments are also being conducted to determine the point during

densification when the large spheres start to grow. Theoretically, this should

occur at the point where normal grain growth is inhibited by porosity, usually

stated to be at about 90"/o of theoretical density. Preliminary experiments

have shown, however, that samples sintered at 1700°C for one hour to a

density of 95% of theoretical show little or no growth of the large seeded

spheres.

Sintering kinetics of strontium titanate compacts in oxygen were

studied by Beasley over the temperature range from 1050°C to 1400°C. Rate

of sintering was found to be controlled by an apparent grain boundary diffusion

of the cations. An activation energy of approximately 40 kilocalories per

mole was determined for pore shrinkage, grain growth, and the apparent

diffusion coefficient. An oxygen atmosphere was found to enhance the sintering

rate slightly near that attained in air.

I. 3 Oxygen Diffusion in Aluminum Oxide

Personnel: Professor Coble; R. L. Anderson

Sponsorship

U. S. Atomic Energy Commission, AT(30-1)-Z574, DSR 8559

Research Report

A general study of the possibilities of using proton radioactivation

oxygen 18 (O18(Fln)F 18) to study self-diffusion of oxygen in single crystalof

aluminum oxide using a sectioning technique has been made. The activation

will be done with the 7.5 MEV proton beam generated by the M. I.T. Cyclotron;
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a copper foil between the beam and sample will act as an attenuator and

standardization source.

Work to further improve existing sectioning and thickness measuring

techniques is in progress. Both gas exchange and thin film diffusion tech-

niques are contemplated so that published diffusion coefficients can be com-

pared. Equipment has already been assembled with these ends in mind.

I. 4 Grain Boundary Diffusion Studies

Personnel: Professor Wuensch; R. J. Tiernan

Sponsorship

U. S. Atomic Energy Commission, AT(]0-I)-2574

Research Report

Polycrystalline bodies are usually involved in most situations in

which diffusion may be a rate-controlling process. In such cases, preferent-

ial diffusion along grain boundaries may drastically modify rates predicted

on the basis of single crystal diffusion data. There have been few direct

investigations of grain boundary diffusion in oxides or ionic materials. In

the few studies in which an effect was observed, little attention was paid to

the chemistry of the grain boundary or to the effect, if any, of grain orienta-

tion. Recent results have indicated that the enhancement was due to impurity

segregation in at least some experiments.

A study of grain boundary diffusion in ionic crystals has been

initiated in the present investigation. The alkali halides have been selected

as type materials since good single crystals are readily available, and their

low melting points facilitate the fabrication of bicrystals of controlled

orientation and purity. Impurity ion diffusion will be studied since this ap-

proach permits the determination of point concentrations in the neighborhood

of a boundary by means of electron microprobe analysis. Thallium has been

selected for study as a diffusing species because grain boundary diffusivities

have been shown to be greatest for ions of high polarizability; KC_ has been

selected as a host material because relatively large amounts of 'F_ may be

accepted into solid solution in this material. Experimental work to date

has been concerned with the preparation of T_C_-KC_ solid solutions for use

as microprobe standards, and in the preparation of surfaces, suitable for

diffusion couple fabrication, on KC_ single crystals.



SECTION C - METALLURGY AND MATERIALS SCIENCE 205

1.5 Crystallization and Melting Kinetics of Sodium Disilicate

Personnel: Professor Uhlmann and G. S. Meiling

Sponsorship

U. S. Atomic Energy Commission, AT(30-1)-2574, DSR 8559

Research Report

Sodium disilicate is a congruently melting compound on which

crystallization data can be obtained over a range of undercooling of some

three hundred degrees - data which will be useful in differentiating between

different theoretical treatments of crystal growth from the melt.

Samples of sodium disilicate glass are prepared by fusing high-

purity sodium carbonated and silica; homogeneity is achieved by repeated

crushing and heating of the glass. Kinetic measurements are made by

holding glass samples for different times at temperatures ranging from 550 °

to 874°C, quenching to room temperature, and subsequent determination of

the extent of crystal growth by petrographic examination.

Preliminary results indicate that the extent of crystallization is

linear with time in an air atmosphere. The crystals are well defined with a

faceted morphology even at the highest undercooling.

It is planned that viscosity data in the region 500°C to 700°C be

obtained in order to correlate the observed crystal growth and proposed

melting data with existing theories.

I. 6 Crystallization and Melting Kinetics at High Pressure

Personnel: Professor Uhlmann; T. J. Brown and P. J. Vergano

Sponsorship

U. S. Atomic Energy Commission, AT(30-I)-2574, DSR 8559

National Science Foundation Traineeship

Research Report

The effect of high pressure on the kinetics of phase transformations

has to date been only little investigated. A theoretical treatment has indicated

that the application of pressure should have a significant effect in enhancing

the rate of crystal nucleation, while its effect on growth rate may be either

enhancing (through increased motivating potential) or retarding (through

decreased mobility).
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Preliminary studies of the crystallization of fused silica and boron

oxide have demonstrated a marked effect of water in enhancing kinetics at

pressure, and in the case of fused silica have shown a significant extent of

crystallization at temperatures where none had been anticipated.

These studies will now be carried further in the silica and albite

systems, with the temperature, pressure, shear component of pressure,

environment, and sample preparation as variables.

Ancillary measurements of melting and crystallization kinetics at

one atmosphere are now being carried out. Interesting in their own right,

these studies will be sueful in evaluating the effects of pressure on kinetics.

I. 7 Sintering and Grain Growth of Sol-Gel Thoria

Personnel: Dr. M. J. Bannister

Sponsorship

Australian Atomic Energy Commission

Research Report

Dr. Bannister spent one year on this work in the Ceramics Group,

Metals and Ceramics Division, Oak Ridge Nationa Laboratory, before trans-

ferring to M.I.T. in early November. ORNL has in recent years developed

a process, called the Sol-Gel Technique, for fabricating various nuclear

ceramics to high densities and very fine grain sizes. The process does not

involve the application of pressure, and for thoria a sintering temperature

no higher than 1200°C is sufficient to produce near-theoretical density. The

present work is being performed in order to reach some understanding of the

mechanism(s) responsible for the ease of sintering of thoria gel.

Work performed during the year at ORNL included:

(a) the detection and quantitative measurement of the surface enthalpy

released during sintering, using differential thermal analysis,

(b) the measurement of changes in x-ray crystallite size, BET

surface area, and x-ray lattice parameter during the early stages of sintering,

and,

(c) the use of sequence photography to follow shrinkage as a function

of time for small specimens of gel held at various controlled temperatures in

a hot-stage microscope.

The results of this work are being analyzed in terms of presently

available and newly derived sintering models. Experimental work planned

for 1966 includes the use of electron microscopy to obtain information on
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crystallite shapes and sizes and contact geometry during sintering, followed

by a study of shrinkage behavior using a dilatometer technique.

1.8 Kinetics of Vapor Deposition

Personnel: Professor Coble; M. Robinson

Sponsorship

Office of Naval Research, Nonr 1841(82), DSR 8956

Research Report

Vapor deposition has long been known as a potential method for

growing bulk crystals of controlled purity and stoiehiometry of the refractory

carbides, nitrides, borides, and oxides. However, vapor deposition is a

complex process and most attempts to date have been met with limited

success due to lack of information on the kinetics of the deposition process.

An attempt is being made to work out a system which will provide

information on rate-controlling steps and rate constants of vapor deposition

over a wide range of conditions. An analysis of the possible kinetics of vapor

deposition of titanium nitride by the reaction

TiC_4(g } ZHz(g ) = TiN(s) 4HC! (g)

has been made for the case in which deposition occurs isothermally on the

inside walls of a tube through which gas flow is laminar. The results of this

analysis indicate that the deposition rate and deposit distribution correspond-

ing to most of the possible rate-controlling steps can be expressed as a

unique function of the experimental parameters (partial pressures of the

reactants and HCI, surface area to volume ratio of the deposition zone,

temperature, and gas velocity).

A furnace has been constructed in which deposition can be made to

occur in a thin foil molybdenum tube which can be sectioned to measure the

deposit distribution. The furnace provides a zone of uniform temperature

16-18 inches long at temperatures up to 2000°C.

Initial results for deposition at 1750°C and 100 mm Hg total pressure

indicate that diffusion in the gas phase is not rate-controlling; hence, either

a gas phase reaction or a surface process must be limiting. The TiN appears

to grow epitaxially onto the molybdenum substrate. At high supersaturation

(PTicI 4 = 5 mm Hg) nucleation on the substrate is not rate limiting. However,
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at low supersaturation nucleation does become rate limiting. It will be

possible to establish the critical supersaturation values in this system.
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2.0 Relationship of Properties to Composition, Crystal Structure, and

Microstructure

Personnel: Professors W. D. Kingery, R. L. Coble, B. J. Wuensch, and

D. R. Uhlmanni T. Guillermo, C. W. Hewson, G. A. Keig,

H. J. Modetz, S. Prochazaka, J. J. Rasmussen, B. R. Rossiug

and S- K. Roy

2. i Crystal Structure Studies

Personnel: Professor Wuenseh; T. Guillermo

Sponsorship

U. S. Atomic Energy Commission, A'F(30-1)-2574, DSR 8559

Research Report

rhe crystal structures of a number of intermetallic sulfide phases

are being determined. The various materials being studied are of interest

because of the unusually large number of intermediate compounds formed in

their respective systems and their unusual properties (ferrimagnetism,

complex ordering of metal atoms, and phase transformations). The objective

of the study is to obtain precise structural information which will establish

the relationship between various phases, and provide insight into the origin

of those properties.

A common feature of all of the structures under study is that they

are complex superstructures based upon a simpler atomic arrangement. The

true structures depart from these idealized arrangements by ordering of the

metal atoms, ordering of metal or sulfur atom defects, and distortion of the

entire arrangement to a structure of lower symmetry.

Specific phases under study and crystallographic data determined are:
o

CUlzAS4S1B, a = 10.232A, Z = 2, I43m. Structure determination

completed. Found to be based on the ZnS (sphalerite) arrangement, but with

an ordered substitution of Cu and As, ordered omission of 8 S per cell, and

ordered addition of 2 interstitial per cell.
o

Pb13As7S23(?), a = 8.96, b = 31.92, c = 8.45 A,_ = 117" 50', Z = 2,

P21/m. Substructure determination completed and found to consist of two

PbS-like slabs rotated 180 ° about [ 111 ] with respect to one another. Super-

structure consists of ordered substitution of Pb and As, plus addition of 6

interstitial S per cell.
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Q

PbAgAsS 3, a = 7.27, b = 12.63, c = 5.99A,_= 91 ° 14', Z = 4,

P21/a. Based on PbS arrangement with ordered substitution of metal

atoms.
°

Pb2Ag3Sb3S 8, a= 15.83, b = 32.04, e = 5.89A,_= 90 ° 12',

Z = 8, C21/a. Based on PbS arrangement with ordered substitution of

metal atoms.
o

Fe7S 8, a= 11.91, b = 6.87, e = 22-.79A,_ = 90" 35', Fd or F2/d.

Ferrimagnetic, based on NiAs structure, with ordered arrangement of Fe

vacancies.
o

Cu2S, a= II.90, b = 27.28, c = 13.41 A, Z = 96, Ab2m. Hexagonal

close-packed S atoms with Cu ordered in sites with 2, 3, or 4-fold coordination.

2.2 Defect Equilibria in Calcium Fluoride

Personnel: Professor Coble; B. R. Rossing

Sponsorship

U. S. Atomic Energy Commission, AT(30-1)-2574, DSR 8559

Research Report

The conductivity of calcium fluoride has been measured as a function

of temperature and concentration of impurities. The following enthalpy

values were found by doping with oxygen: for formation of a pair of Frenkl

defects, 2.7 eV; for the motion of fluorine vacancies, 0.55 eV; for the

association of oxygen ions and fluorine vacancies, 0.38 eV. Results from

yttrium-doped samples are inconclusive due to oxygen contamination. How-

ever, the results indicate that the fluorine interstitial is the more mobile

specimen above IOZO°C.

The enthalpy and specific heat of calcium fluoride was measured

from Z50-1250°C. The "excess" specific heat was derived from these

measurements and used to calculate the enthalpy of formation and density of

Frenkl defects. These values were in good agreement with conductivity

results.

Both enthalpy and conductivity measurements indicate a second-

order phase transition. A high temperature x-ray study on the nature of

this transformation is now under way.
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2.3 Gas and Solid Solubilities in AI203

Personnel: Professor Coble; H. J. Modetz and S. K. Roy

Sponsorship

U. S. Atomic Energy Commission, AT(30-1)-Z574, DSR 8559

Research Report

The solubility of various gases in ceramic materials is being

investigated by Modetz through the phenomenon of thermal degassing, deter-

mined from data of the pressure in the vacuum system as a function of time.

Preliminary results involving AIz03 and H z, O z, and N z reveal that surface

effects are of major concern, affecting the sensitivity and reproducibility of

the data. The feasibility of measuring gas solubilities through the phenomenon

of vacuum fusion of oxide is also being considered.

The solubilities in AIz03 of MgO, TiO z, and H 2 have been determined

by Roy. The heats of solution are mainly governed by the formation of compen-

sating lattice defects. The mutual solubilities of MgO and TiO 2 added

(simultaneously) to alumina are enhanced by approximately two orders of

magnitude compared with the individual solubilities. The heat of solution

corresponds, in this case, to the strain effect alone, no compensating defects

are required.

2.4 Ice Deformation

Personnel: Professor Kingery; D. J. Bromer

Sponsorship

Naval Civil Engineering Laboratory, NBy-6216Z, DSR 45Z4

Research Report

During the past year research efforts in the Ice Research Labora-

tory have been concentrated on studying the flow of ice. As there seem to

be two mechanisms which predominate in polycrystalline ice, one at high

stresses, the other at low stresses. The work can be subdivided into two

areas: experimental work to determine what the low stress mechanism is

and analytical work to determine the high stress mechanism.

To date, the experimental work has shown that polycrystalline ice

at low stresses behaves in a Newtonian manner with ea _. Three possible

mechanisms to account for this behavior are: (1) Nabarro-Herring diffusional
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creep, (2) Nabarro-Herring-Coble boundary diffusional creep, and

(3) grain boundary migration. These three processes are dependent on the

grain size but in a different manner. Thus variation of grain size should

help to determine which of the three is rate determining. At present, only

preliminary results are available, but it appears as though some sort of

diffusional creep is dominant.

At high stresses the existing data does not clearly indicate the

dominant mechanism. The apparent activation energy is greater than twice

that for self-diffusion in ice. This would null out several proposed mechanisms

which otherwise would look promising. In addition, there seems to be some

doubt if the strain rate is related to the stress by a simple power law as has

been concluded by several investigators. Of course, one cannot rule out the

possibility of there being more than one process contributing importantly

to the creep rate.

2. 5 Deformation of CaF 2

Personnel: Professor Coble; G. A. Keig

Sponsorship

Office of Naval Research, Nonr 1841(82), DSR 8956

Research Report

Using chemical etching, the movement and distribution of dislocation

lines intersecting the (Iii) cleavage plane in CaF 2 have been studied. The

relationships between dislocation mobility and applied stress are under study

to determine (in more detail) the behavior of line defects in the "fluorite"

structure.

Measurements at room temperature give dislocation mobilities of

10 -5 to 10 -6 cm/sec for the stress range 0.4 to 0. i gin/ram 2, which are

relatively insensitive to stress changes. Extrapolation of the room tempera-

ture data gives a terminal velocity of _,10 -4cm/sec at infinite stress, which

is much lower than the normally accepted value which is taken as the acoustic

wave velocity in the crystal. Study is to be made of the temperature depen-

dence of the dislocation mobility for basic kinetic analysis, and also to

elucidate the experimentally observed brittle-ductile transition at -50 °C.

It would appear that the room temperature behavior of CaF 2 differs

from that observed for the previously measured ionic crystals; it has charac-

teristics more similar to the covalent semiconducting materials. This fact

is rather difficult to fit in with current thinking on dislocation drag in crystals,
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and it may be necessary to modify some of the existing ideas to explain this

particular case.

2.6 Preparation of High-Purity Oxides

Personnel: Professors Kingery and Uhlmann; C. W. Hewson, S. Prochazka,

and J. J. Rasmussen

Sponsorship

U. S. Atomic Energy Commission, AT(30-I)-2574, DSR 8559

Research Report

A program has been initiated and study of high-purity oxides,

particularly SiO 2, A1203, and MgO. In this program, we are aiming at keep-

ing impurity levels below 10 ppm with respect to anions and hydrogen content

as well as the usually reported cation impurities.

Various preparative techniques have been considered; initial efforts

are aimed at evaluating different analytical techniques, particularly those

suitable for anion determination.

2.7 Radiation Induced Defects in AI203 and Mg_0__

Personnel: Professor Kingery

Sponsorship

U. S. Atomic Energy Commission, AT(30-1)-2574, DSR 8559

Research Report

Samples of single crystal and polycrystalline aluminum oxide and

magnesium oxide have been neutron-irradiated at liquid nitrogen temperatures

in a test facility at Grenoble, France. Experimental measurements were

made of the change in density and lattice parameter at low temperatures. It

is found that these effects are much larger than those reported in the litera-

ture for ambient irradiation, indicating that there is substantial annealing

occurring at temperatures below room temperature. Further analysis of the

data is in progress.
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3.0 Structure and Properties of Noncrystalline Solids

Personnel: Professors W. D. Kingery, J. H. Heasley, D. R. Uhlmann,

and. B. J. Wuensch; R. J. Brook, J. S. Haggerty, i%. M. Hakim,

W. r. Laughlin, J. H. Li, C. J. Mogab, I_. R. Shaw, C. B.

Willingham, and T. J. Brown

3. 1 Thermal Expansion, Heat Capacity, and Structural Relaxation

Measuremants in the Glass Transition Region

Personnel: Professor Heasley; J. S. Haggerty

Sponsorship

U. S. Atomic Energy Commission, AT(30-1)-Z574, DSR 8559

Research Report

Thermal expansion, density, and specific heat measurements were

made on the glasses and supercooled liquids of three inorganic glass-forming

systems to evaluate the 'FgNA_/ACp term of the Davies and Jones expression.

The three galsses studied were AszS 3, Lillie No. i (a soda-lime-silica glass)

and Pyrex, a borosilicateglass with Corning designation number 7740. The

length-temperature and enthalpy-temperature data were fitted to polynomial

expressions by least square curve fitting techniques and are presented with

standard deviations. Thermal expansivities and specific heats needed for

the above and subsequent calculations were obtained by differentiation of

these expressions.

These measurements combined with compressibility data appearing

in the literature made possible the calculation of the Grfineisen constants,

</, for these glasses. The values observed for both siliceous glasses indicate

that the vibrational modes with negative -Yi's are suppressed by additions of

Na and Ca into the silica network. The values of _ for vitreous AszS 3 was

lower than anticipated.

A discontinuity in the thermal expansion coefficient of Pyrex which

was observed at approximately Z60°C was attributed to the high borate phase

of the two-phase glass undergoing a glass transition.

The structural relaxation resulting from sudden temperatures changes

in the transition region indicated that a spectrum of relaxation times with a

maximum value is needed to describe this nonlinear process. It was found

that over the temperature range investigated the "equilibrium structural

relaxation time" was exponentially dependent on temperature with an
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activation energy the same as that observed for shear relaxation times.

Fictive and actual temperature have approximately the same influence on

the observed effective relaxation time. The initial structural relaxation time

resulting from an infinitely small change of temperature is numerically

close to the shear relaxation time, though the "equilibrium structural relaxa-

tion" time is approximately thirty times the value for shear.

3. Z Theory of the Glass Electrode

Personnel: Professor Heasley; R. M. Hakim

Sponsorship

U. S. Atomic Energy Commission, AT(30-I)-2574, DSR 8559

Research Report

Glass electrodes measure the relative concentrations of ions in

aqueous solutions. The structure and chemical composition of most com-

mercially available glasses is such that they respond preferentially to hydrogen

ion; however, glasses which have a specific response to other cations,

especially the alkali ions, and to some anions, have been manufactured.

A survey of the literature in glass electrodes and their mode of

operation was done. Although there is an extensive amount of information

on this subject, most of it, up to the early 1960's,is qualitative and deals

with the hydrogen ion responsive glass electrodes that were available com-

mercially. The complexity of the structure and composition of the commer-

cially available glasses, which usually include more than five to six compon-

ents, has contributed to the lack of a general unifying theory. Several

theories exists; these include those based on diffusion potentials, adsorption

potentials, and membrane potentials. The information that has been gathered

will be evaluated to determine: (1) if experiments can be designed to check

theories of electrode operation, and (Z) if the extreme sensitivity of electrode

performance to composition and environment variations can be used to study

glass structure.
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3.3 Magnetic Effects in Glasses

Personnel: Professor Wuensch; R. R. Shaw

Sponsorship

U. S. Atomic Energy Commission, AT(30-1)-Z574, DSR 8559

Research Report

The superparamagnetic behavior of ferrite particles precipitated

within silicate glasses has been established. The magnetic characteristics

of the glass-crystallite system are sensitive to the ferrite particle size and

temperature, and may be controlled within wide limits by varying the heat

treatment of the initial glass. Glass-in-glass phase separation is commonly

observed in the silicate compositions used so far. Phosphate glasses, which

do not exhibit immiscibility gaps with iron oxides, have also been briefly

investigated.

Equipment is being assembled to facilitate the melting and thermal

treatment of experimental glasses, and to investigate the nucleation and
o

growth kinetics of ferrite particles below i00 A in size.

3.4 Dielectric Relaxation in Glass

Personnel: Professor Heasley; W. T. Laughlin

Sponsorship

U. S. Atomic Energy Commission, AT(30-I)-2574, DSR 8559

Research Report

Silicate glasses containing alkali ions exhibit a very broad audio-

frequency dielectric loss peak which is attributed to the motion of the alkali

ions. Two theories for the exceptional breadth of the peak have been offered:

the first being the "random network" theory of glass structure which is

thought to account for a distribution of potential energy wells occupied by the

migrating alkali ions; the second being the two-phase nature of many, if not

all, alkali silicate glasses. By plotting the dielectric loss versus log

frequency using reduced coordinates {time -temperature superposition), it

has been shown that silicate glasses of widely varying composition fit a

single curve. Since vitreous sodium metaphosphate is almost certainly

single phase and its structure has been investigated by paper chromatography,
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its dielectric behavior is being investigated to see if it differs from that of

silicate glasses. The investigation includes the measurement of dielectric

loss as a function of frequency and temperature and the determination of

D.C. conductivity as a function of temperature. ']?he D.C. contribution to

the loss is then subtracted to find the loss peak. Nonpolarizing electrodes

will be used if necessary.

At the same time, a theoretical study of the dielectric behavior of

glass in which it is treated as a weak electrolyte is under way. Without

usiug s[ructurai models for the glass, the position of the loss peak and its

contribution to the static dielectric constant have been accounted for. The

shape of the experimental loss curve has not been explained; however, this

may be due to the failure of electrolyte theory at higher concentrations.

]. 5 Amorphous Silicon Carbide

Personnel: Professor Kingery; C. J. Mogab

Sponsors hip

General Electric Company Fellowship

Research Report

Physical sputtering with silicon carbide single crystals as cathodes

is being used to form thin films of amorphous silicon carbide. Preliminary

results indicated the need for extremely pure atmospheres in order to pre-

vent concurrent formation of silicon oxides.

At present, high vacuum (_ 10 -8 torr} is being employed in conjunc-

tion with ultra-pure argon gas and simultaneous titanium gettering to avoid

this oxidation. Mass spectrometry is being used to determine oxygen content

of these films.

The films as deposites on room-temperature substrates are amor-

phous and crystallize in the temperature range 500" to 600°C into the cubic

form of silicon carbide (P-SiC). Resistivity and absorption measurements

are being carried out on the amorphous films.
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3.6 Magnetic Films

Personnel: Professor Kingery; R. J. Brook

Sponsorship

U.S. Atomic Energy Commission, AT(30-1)-2574, DSR 8559

Research Report

Thin films of nickel ferrite (NiFe204) composition have been pre-

pared by a reactive sputtering process using nickel-iron alloy cathodes; in

this method, the cation ratio in the films is controlled by varying the alloy

composition, and the degree of film oxidation is controlled by the selection

of suitable oxygen partial pressures in the reaction chamber. Variation

of the substrate temperature has a pronounced effect on film microstructure,

and it has been found by electron microscopy that films deposited at tempera-

tures below O°C appear to be amorphous while those deposited at higher

temperatures appear to be micropolycrystalline, the grain size being depend-

ent on the temperature. Differences appear in both the electrical conductance

value and in the activation energy for the conduction process when films of

the two types are compared, suggesting that the apparent structural difference

is a real one.

Measurements of magnetic susceptibility have been made in the

temperature range 42°K-600°K. Films of the micropolycrystalline type are

superparamagnetic, i.e., they show a transition from ferrimagnetic to para-

magnetic behavior at a temperature less than the Curie point and inversely

related to the crystallite size. Films treated at 600°C to allow grain growth

display normal ferrimagnetism. The amorpohous films are best described

as paramagnetic, and calculation of the effective Bohr magneton value of the

contributing ions on the assumption of such behavior gives a number within

experimental error of that found in the measurements.
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3.7 Structure and Microstructure in Alumina Thin Films

Personnel: Professor Kingery; C. B. Willingham

Sponsorship

U. S. Atomic Energy Commission, AT(30-1)-2574, DSR 8559

Research Report

The structure of aluminum oxide thin films deposited on room-

temperature substrates by electron beam evaporation was stuided from the

points of view of both crystal structure and microstructure.

Electron diffraction patterns of unsupported films using 100-kilovolt

electrons demonstrated that the as-deposited material is amorphous. At

330 °C, the films crystallized to a fine-grained, randomly oriented mixture

of chi- and eta-alumina. An apparent enthalpy for the amorphous-crystalline

transformation was found by differential thermal analysis to be 0.91 kilo-

calories per mole. This apparent value is lower than the true value, decreased

by the simultaneous endothermic evolution of chemisorbed water. The

behavior of the crystalline films was typical of that reported for transition

aluminas.

The most significant microstructural feature of the alumina films

was a system of fine pores, continuous through their bulk and open at the

surface. The residual atmosphere present during deposition played the

major role in forming the pores. The water content of the films increased

as the deposition vacuum became poorer.

Nearly all the water in the films was adsorbed when they were

exposed to a moisture-containing atmosphere. Water adsorbed in the pores

was removed between 50"C and 200"C with the absorption of about 950 calories

per gram of water removed. The remainder of the water was chemisorbed

onto pore surfaces and perhaps included in the network. It is lost continuously

as the temperature is raised: a maximum in the rate of desorption coincides

with the crystallization of the films.
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3.8 Deformation and Strength of Glass

Personnel: Professor Uhlmann; J. H. Li

Sponsorship

U. S. Atomic Energy Commission, AT(30-I)-2574, DSR 8559

Research Report

It is possible, under appropriate loading conditions, to make hard-

ness indentations in inorganic glasses. This deformation is observed to

anneal out (partially at least) at temperatures well below the glass transition

range. In perhaps related observations on polymer glasses, deformation

has also been noted at temperatures below the glass transition (a phenomenon

termed "cold" flow of polymers").

The generality of "cold flow" phenomena, and their possible relation

to the hardness observation, are currently under investigation. Detailed

studies of annealing kinetics are being performed on samples of SiO 2 and

silicate glasses of varying composition and heat treatment. Tests with thin

fibers of the same materials will likewise be carried out.

3.9 Rapid Quenching of Nonmetallic Materials

Personnel: Professor Uhlmann; T. J. Brown

Sponsorship

U. S. Atomic Energy Commission, AT(30-I)-2574, DSR 8559

Research Report

The technique of "splat" cooling (rapid cooling by propelling a

molten sample onto a cold substrate) has been used with considerable success

in obtaining metastable phases in metallic systems. The technique will now

be used to study nonmetallic materials, with particular emphasis on obtain-

ing amorphous phases and studying their transformation characteristics.

With this objective, a "splat" cooler has been designed and is now

being constructed. Provision has been made for variation of environmental

atmosphere, shock wave pressure, crucible geometry, and substrate condi-

tion.
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Publications

_V. D. Kingery, "Le Depot d'Alumine a Partir de la Phase Vapeur", Bull.

de la Societe Francaise de Caramique, 66, 39 (1965).

]3. Francois and W. D. Kingery, "The Sintering of Crystalline Oxides: I,

11

Densification and Microstructure Development in UO z , presented

at the Conference on Sintering and Related Phenomena, Notre Dame,

Indiana, June Zl-Z3, 1965, Proceedings of Conference in press.

W. D. Kingery and ]3. Francois, "The Sintering of Crystalline Oxides: II,

Interaction Between Grain Boundaries and Pores, " presented at the

Conference on Sintering and Related Phenomena, Notre Dame,

Indiana, June Zl-Z3, 1965, Proceedings of Conference in press.

W. D. Kingery and ]3. Francois, "Grain Growth of Porous Compacts",
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Brussels, in press.
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in press.
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B. J. WuenschandC. T. Prewitt, "Correctionsfor X-ray Absorptionby
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Structure of Binnite, CuI2AS4SI3, Zeit.Kristallogr., in press.

B. J. Wuensch and T. Vasilors, "Diffusion of Zn 2+ in Single Crystal MgO",

presented at the 67th Annual Meeting of the American Ceramic
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B. J. Wuensch, T. Takeuchi, and W. Nowacki, "Comparision of the Crystal
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Structure of Binnite, CUlzAS4Sl3, and tetrahedrite, CuizSb4Sl3 ,
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B. J. Wuensch, Y. Takeuchi, and W. Nowacki, "Die Verfeinerung der Kristall-

struktur yon Binnit", presented at the Meeting of the Sekton h3r

Kristallkunde in der Deutschen Mineralogischen Gesellschaft,

October 14, 1965, Marburg, Germany.

B. J. Wuensch and W. Nowacki, "The Substructure of the Sulfosalt Jordanite",

Schweiz. Min. Pet. Mitt., in press. (Presented at the meeting of
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Gessellschaft, October 14, 1965, Marburg, Germany).
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A. R. Cooper and J. H. Heasley, "Binary Diffusion in Ceramic Systems",

J. Am. Cer. Soc., to be published.

R. C. Giessen and J. H. Heasley, and D. R. Uhlrnann, " Preparation of

Vitreous V205", submitted for publication, J. Appl. Phys.

J. H. He__sley and A. R. Cooper, "Correlation Functions as Descriptions of

Random Structures", presented at the Symposium on Defects in

Glass, Sheffield, England, April 1965.

J. H. Heasley, "Transient Heat Flow Between Contacting Solids", Inst.

J. Heat Mass Transfer, 8, 147 (1965).

A. R. Cooper, Jr., "Model for Multicomponent Diffusion", Phys. and Chem.

of Glasses, 6, 55-61 (1965}.

Martin Goldstein, "On the Temperature Dependence of Co-Operative Relaxa-

tion Properties in Glass-Forming Liquids--comment on a Paper by

Adam and Gibbs", J. Chem. Phys. ,43 (B), 185Z-186_ (1966).

*'. M. Beasley, "Sintering of Strontium Titanate", S. M. Thesis, Department
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R. N. Ghosh Tagore, "Self-Diffusion in Silicon Carbide", Se.D. Thesis,
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J. S. Haggerty, "Thermal Expansion, Heat Capacity, and Structural Relaxa-

tion Measurements in the Glass Transition Region," Sc. m. Thesis.
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Grain Boundary Effects", Sc. D. Thesis, Department of Metallurgy,

M. I.T. (1965).

R. R. Shaw, "Levitation Processing in Ceramic Systems", S.M. Thesis,
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IX. MINERAL ENGINEERING

Personnel

A. M. Gaudin, Professor, Metallurgy

Jose Matar, Guest of the Institute (until January 1966)

Jose Tomasio, Guest of the Institute

A. M. Ostrea, Research Assistant, Metallurgy

Nitis Sarkar, Research Assistant, Metallurgy (until June 1965}

Natalie Gesek, Secretary, Metallurgy

Degrees Granted

Nitis Sarkar, Sc.D., June 1965

Sponsorship

Specific sponsorship is listed under each individual research project.

i. 0 Physical Chemistry of Interfaces

1.1 Hysteresis of Contact Angles

Personnel: Professor A. M. Gaudin; Jose Tomasio, Nitis Sarkar

Sponsorship

National Science Foundation, NSF GK-44, DSR 5338

Research Report

An investigation on contact angle hysteresis in the system sphalerite-

collector solution has been initiated by Mr. Tomasio. However, since

contact angle measurements in that system has so much to do with the presence

of copper ions, an ion exchange apparatus has been set-up to adapt the techni-

que of chromatographic analysis to a study of the abstraction of copper by

sphalerite from aqueous copper sulfate solution.

Dr. Sarkar studied the hysteresis of contact angles in the galena-

water-nitrogen system using potassium ethyl xanthate and hexyl mercaptan

as surfactants at various pH values and surfactant concentrations. It was

found that contact angles increased with the increase of surfactant concentra-
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tion. The advancing contact angle was found to remain constant for a wide

range of pH values, whereas the receding contact angle changed with change

in pH. Adsorption of ethylxanthate at the galena-water interface was measured

at different xanthate concentrations and at different pH values. At pH 5.5

the maximum adsorption density was found to be equivalent to a monolayer

of xanthate on galena surface, and the adsorption density was found to de-

crease with increasing pH. Oxygen was found to be one of the factors influ-

encing adsorption. With an increase in the oxygen level in the system the

adsorption also increased. It was concluded that advancing contact angle

was primarily dependent on adsorption at the galena-nitrogen interface,

whereas the receding contact angle was primarily dependent on adsorption

at the galena-water interface.

I. 2 Ionic Composition of the Aqueous Part of Flotation Pulps

Personnel: Professor A. M. Gaudin; Jose Matar

Sponsorship

The Consejo Nacional de Investigaciones Cientificas y Tecnicas, Republic

of Argentina

Research Report

Mr. Matar studied the adsorption of radioactively marked metal

ions at the surface of beryl under various conditions. The relationship of

the adsorption to the form of the various complexes made by the metal ion

with the hydroxyl, chloride and sulfate ions was established. The adsorption

was also correlated with the formation of complexes of iron and calcium

with hydrocarbon-bearing sulfonic acid groups.
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2.0 Materials Engineering

2.1 Study of Comminution

Personnel: Professor A. M. Gaudin; A. M. Ostrea

Sponsorship

Atomic Energy Commission, AT(30-1)-956, DSR 6799

Research Report

The experimental techniques of radioactive tracer studies in the

ball milling of pure mineral albite have been demonstrated satisfactorily.

By irradiating a specific mesh size of the mineral albite in a synthetic feed

prior to grinding in the specially designed ball mill, the size distribution of

the daughter particles resulting from the breakage of the radioactive fraction

is determined at various grinding times. The same procedure is repeated

for other radioactively marked size fractions starting with the 6 × 8 mesh at

the coarse end down to the 270 x 400 mesh at the fine end. Several interest-

ing results have already been obtained but are being explored in more detail.

For the moment it seems evident that the straight line relationship of the

size distribution of broken material (which is frequently associated with

single fracture) can also be obtained even for multiple fracture but only for

a specific grinding time. At what grinding time this takes place depends

on the size of the particles in the radioactive fraction and presumably upon

factors related to the characteristics of the bail mill. The form of the

expression relating cumulative size distribution of broken radioactive parti-

cles against size has been discerned, based on the boundary conditions of the

problem. However, it still remains how to express this relationship into

explicit mathematical formulation under the conditions of constant mill

geometry and grinding characteristics.

Publications

A. M. Gaudin, N. P. Finkelstein, "Interactions in the System Galena-

Potassium Ethyl Xanthate - Oxygen", Nature, Vol. 207, No. 4995,

pp. 389-391, July 24, 1965.
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X SURFACE CHEMISTRY

Personnel

Professor P. L. deBruyn, Professor, Metallurgy

Professor A. F. Witt, Assistant Professor, Metallurgy

L. Blok, DSR Staff, Metallurgy

Y. G. Berube, Research Assistant, _ctallurg_/

L. K. Bigelow, Jr., Research Assistant, Metallurgy

P. R. Irissou, Graduate Student, Metallurgy

F. S. Lo, Research Assistant, Metallurgy

L. D. Locker, Research Assistant, Metallurgy

J. W. Morris, N.S.F. Trainee

G. Y. Onoda, Jr., Research Assistant, Metallurgy

J. Salamitou, Research Assistant, Metallurgy

Patricia E. Gavagan, Secretary, Metallurgy

Degrees Granted

F. S. Lo, Met. E., September 1965

L. D. Locker, Ph.D., September 1965

G. Y. Onoda, Jr., Ph.D., November 1965

Sponsors hip

The research is sponsored by the following agenices. Specific

sponsorship is also listed under each individual research report.

Office of Naval Research, Nonr-1841(86), DSR 9151

U. S. Army Research Office-Durham, DA-31-124-ARO-D-187, DSR 5039

U. S. Army Chemical Research and Devlopment Laboratories, Edgewood

Arsenal, DA-AMC-18-035-76(A), DSR 5276
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I. 0 Electrochemical Studies of Crystalline Oxide-Solution Interfaces

Personnel

Professor P. L. de Bruyn; Y. G. Berube, G. Y. Onoda, Jr.

Sponsorship

Office of Naval Research, Nonr-1841 (86), DSR 9151

Research Report

Although the phenomenon of proton adsorption at metal oxide-aqueous

solution interfaces has long been recognized, the mechanisms involved in the

process are not well established. This research report is concerned with

quantitative measurements of proton adsorption by means of potentiometric

titrations on a-Fe203 and on futile (TiO2}.

The study of the e-Fe203-solution interface has been concluded.

From measurements of adsorption isotherms and a detailed study of the

adsorption kinetics, the abstraction of protons from the solution by the solid

is found to proceed by a two-step mechanism; a rapid process occurring

within a few minutes, followed by a slow process often requiring i00 hours

to be completed. IV[etastable isotherms are obtained by rapid titration at

varying ionic strength, much steeper isotherms result if sufficient time is

allowed for complete equilibration between successive titration points.

The slow step in the proton abstraction process is attributed to

formation of a proton space charge in the solid. From kinetic data a proton

z/diffusion coefficient varying between 3 × 10 -20 to 5 x I0 -Z1 cm sec in the

temperature range 25°C to 42°C is estimated. The activation energy for

proton diffusion is calculated to be 21.5 Kcal per mole, in rough agreement

with that obtained from deuterium and tritium exchange studies by other

investigators.

Experimentally determined metastable isotherms represent the

exchange of protons between the solution phase and the hydrated surface and

do not depend on the establishment of an excess or deficit proton space charge

inthesolid TheeffectofvariousanionsIClO ,NO ,Cl-, )and
cations (Na +, Ba ++) on the shape of these isotherms and on the structure of

the ionic double layer at the interface was established. The zero point of

surface charge (due to H + and OH- adsorption) is seen to be sensitive to the

particular electrolyte present in the solution phase. The following values

for the pH of the zpc were obtained: NaCIO 4 (pH 8.25), NaCl (pH 8.4),

Na2SO 4 (pH 8.8), ]_a(CIO4) 2 (pH 6. 9). The standard free energy for adsorp-

tion of the acids HCIO 4, HNO 3 and HCf in the vicinity of the zpc is calculated

to be -I0.9, -Ii.0 and -ll.3 Kcal/mole respectively. This estimate indicates

a strong specific adsorbability of the anions at the inner Helmholtz plane of

the double layer.
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Adsorption of potential-determining ions at the TiO2/solution

interface is also under investigation. The fast exchange observed with Fe203

leading to metastable isotherms is also shown by this oxide in both the futile

and anatase modification. The zpc seems unaffacted by the crystal structure.

Measurements at higher temperatures (up to 95" C) have shown considerable

lowering in the adsorption density and suggest some specific adsorption of

counterions at lower temperatures.

The existence of a slow step in the adsorption of protons has also

been demonstrated with TiO 2. Such a slow step has been observed when the

surface was negatively as well as positively-charged. This suggest the

existence of hydrated layers in the oxide which would provide a source for

hydrogen ions, the outward diffusion of which would leave a negative space

charge in the solid. To verify this model diffusion experiments with tritium

are in progress. It is hoped that these studies will provide evidence as to the

nature and location of bound water in the interracial region
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2.0 Influence of the Structure and Composition of Clean Solid Surfaces

on the Nature and Behavior of Solid-Fluid Interfaces

Personnel: Professors P. L. de Bruyn and A. F. Witt; L. Blok, F. S.

Lo

Sponsorship:

U. S. Army l%esearch Office-Durham, Da-31-124-ARO-D-187, DSR 5039

Research Report

A study of the ZnO-solution interface has been continued. Measure-

ments of the excess adsorption of OH- over H + at this interface have been

performed from aqueous solutions of various strong electrolytes. The zpc

(the pH at which the surface charge due to potential-determining ions is

zero) is found to be dependent on the method of preparation of the crystalline

precipitate, on the nature of the supporting electrolyte and on the ionic

strength. The dependence of the zpc on ionic strength indicates that all

anions present in the experiments are specifically adsorbed on ZnO.

Differences between NO 3 and C104 are within experimental error, C1 ,

however, is more strongly adsorbed than the former two.

The dependence on the method of preparation is less clear. It is

conceivable that an increasing amount of C1 ions incorporated into the

ZnO lattice leads to an n-type ZnO precipitate and thus to a higher (more

basic) zpc. Thus a precipitate prepared by reacting Zn(NO3) 2 with NaOH
-3

showed a zpc at pH 8 (ionic strength I0 M NaNO3). A precipitate pre-

pared by reacting ZnCI 2 with NaOH, washed and subsequently fluxed at

100°C for a week has a zpc around pH 8.5 whereas ZnO prepared from

ZnCI 2 and aged in the concentrated mother liquid (NaCI) shows a zpc>pH i0.

Capacitance measurements on ZnO single crystals were also made.

Information obtained from such experiments, however, are limited because

the capacitance of the electronic space charge in the crystals is an order of

magnitude smaller than the capacitance of the aqueous part of the electrical

double layer.

An investigation has been conducted of the submicroscopic hetero-

geneity of worked metal surfaces through the determination of electrochemical

deposition potentials of metal ions from extremely dilute solutions. The

deposition of silver ions from aqueous solutions containing less than 10-7

moles/liter of silver salts onto platinum surfaces has been studied in detail.
ii0

With radioactive Ag as a tracer, the kinetic and thermodynamic aspects
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of this process were calculated. The deposition reaction could be

described by a first order rate equation. The thermodynamic results indi-

cate that there are two different types of deposition; the expected reaction

Ag + + e- = Ag (surface of platinum}
÷

and the adsorption of Ag on an oxide layer according to the reaction

Ag + + e- + Pt O = Pt O - Ag

The electrode material (polycrystalline platinum) in these investigations

was polished mechanically, heated in vacuum and introduced into the reaction

cell. The results obtai, md clearly indicate the suitability of this technique

for the investigation of the influence of different surface treatments on the

activity of the substrate. The disturbing side reachon caused by the presence

of oxygen in the system can be eliminated by using non-aqueous solutions

and in situ preparation of the substrate.

3.0
Spreading of Liquids on High Surface Energy Solids Under

Controlled Interracial Conditions

Personnel: Professors P.L. de Bruyn and A.F. Witt; L.K. Bigelow

Sponsorship:

U. S° Army Chemical Research and Development Labratories, Edgewood

Arsenal, DA-AMc_-I_-u35-76(A), DSR 5276

Research Report

A study of spreading in a three-phase system involving two immisci-

ble liquids and a high surface energy solid has been initiated. The solid

phase is aluminum whereas mutually saturated water and alcohol phases

constitute the test liquids. Preliminary experiments show that most of the

alcohols of molecular weight exceeding that of propanol lead to the establish-

ment of a finite contact angle on the aluminum surface. The magnitude of

the angle can be made to vary by the addition of a third component (another

alcohol) to the liquid phases. The addition of propanol, ethanol or methanol

leads eventually to complete spreading as is to be expected because, in

sufficient concentration, these lower alcohols promote complete solubility

of the higher alcohols in the water phase. Hysteresis in spreading has been

observed. Detailed studies of the role of temperature and of the

modification of the solid surface on the spreading behavior are contemplated.
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4.0 An Investigation of Faulting and Phase Transformation in Zns

And Structurally Similar Materials

Personnel: Professor P. L. de Bruyn; J.W. Morris, P.R. Irissou

Sponsorship

None at present.

Research Report

A study of faulting, phase transition, and phase distribution in

crystalline zinc sulfide is the immediate object of this investigation. It is

intended to characterize faults in ZnS, to study the mechanism of the phase

transition wurtzite_zinc blende which is believed to proceed through repeated

faulting of wurtzite, to determine the origin of polytypes in ZnS, and to

evaluate the applicability of the results on ZnS to other materials of similar

structure.

Thin platelet crystals of ZnS are being grown from the vapor phase.

In addition to ZnS thin films, CdS films will also be grown and chemical

impurities will be introduced in the films under controlled conditions. The

transmission electron microscope will be the primary research tool. Thin

films will be placed in the microscope and will be subjected to a wide range

of temperatures to observe the behavior of structural imperfections and the

transition process. A variety of auxiliary techniques will be used to corro-

borate and supplement the evidence obtained by electron microscopy. These

techniques will include x-ray diffraction of single crystals to minitor bulk

transition and to study polytypes, decoration methods to make visible dis-

locations and faults in bulk material, etching studies to observe dislocation

migration, and paramagnetic resonance studies.
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5.0 The Kinetics of Dissolution of II-VI Compounds

Personnel: Professor P. L. de Bruyn; L. D. Locker

Sponsorship

None at present.

Research Report

and solid-solutions of these sulfides was studied under conditions where the

rate of reaction was not controlled by the transport of the reactions or the

products. The solution media were aqueous sulfuric acid, hydrochloric acid,

and also alcohol-water mixtures of sulfuric acid.

The dissolution was performed at constant temperature and pressure

while the volume of gaseous hydrogen sulfide evolved during the reaction was

continuously recorded. The progress of the dissolution of zinc selenide was

followed at constant temperature and volume by measuring the increase in

the pressure of the hydrogen selenide produced.

Experiments show that the rate of dissolution of the pure polycrystal-

line compounds in aqueous sulfuric acid is proportional to the acid concentra-

tion. The reverse reaction rate depends on the square root of both the metal

ion concentration in solution and the pressure of the product gas. The

activation energy of dissolution varies from 9/5 Kcal/mole to 14 Keal/mole,

and follows the order

A Ecd S > AEznse > _ EZn S

The activation energies for dissolution of zinc sulfide in aqueous hydrochloric

acid and in sulfuric acid-alcohol mixtures are considerably lower than for the

dissolution in aqueous sulfuric acid. The activation energy for dissolution

of the solid solutions in aqueous sulfuric acid was also observed to be less

than that of the pure compounds.

The solubility of the II-VI compounds in HzSO 4 depends on the crystal

structure as well as on the chemical composition of the solid. The solubility

follows the order

ZnS (sphalerite) > ZnS (wurtzite) > CdS > ZnSe

Zinc sulfide is less soluble in hydrochloric acid than in sulfuric acid. The

free energy of formation of these compounds was calculated from these

results.
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Therateof dissolutionis observedto vary notonlywith thenature
of thesolid, butalsowith thepropertiesof thesolution. For example,the
reactivitymaybecorrelatedwith thedielectric constantof thesolution.
Therateof adsorptionof hydrogenionsor theprotonatedsolvent,andthe
energyof thehydrogenbondformedwith thesolid surfaceareconsidered
to beimportantfactorsin evaluatingthemechanismof thedissolutionreaction.

Theses

Francis S. Lo, "Electrochemical Adsorption of Metal Ions on Conductor

and Semi-Conductor Surfaces", Metallurgical Engineer's Degree,

Department of Metallurgy, IV[. I.T. (1965).

Laurence D. Locker, "The Kinetics of Dissolution of Some II-VI Semi-

conductor Compounds", Ph.D., Department of Metallurgy, IVI. I.T.

(1965).

George Y. Onoda, Jr., "The Mechanism of Proton Adsorption at the Ferric

Oxide-Aqueous Solution Interface", Ph.D., Department of Metal-

lurgy, (1965).

Publications

L. T. Romankiw and P. L. de Bruyn, "Kinetics of Dissolution of Zinc

Sulfide in Aqueous Sulfuric Acid", Intl. Symposium on Hydrometal-

lurgy, AIME, 45-66, (1965).

I. Iwasaki and P. L. de Bruyn, "The Electrochemical Double Layer on

Silver Sulfide at pH 4.7. If. In the Presence of Dodecylammonium

Acetate", Surface Science 3, Z99 (1965).

G. Y. Onoda, Jr. and P. L. de Bruyn, "Protom Adsorption at the Ferric

Oxide/Aqueous Solution Interface. I. A Kinetic Study of Adsorption",

Surface Science, 4, 48 (1966).
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XI. CORROSION LABORATORY

Personnel

Professor H. H. Uhlig, Professor, Metallurgy

Dr. H. P. Leckie, Research Associate, Metallurgy

Dr. J. S. Cho, Post Doctoral Fellow, Metallurgy

Dr. P. Borggr_fe, Post Doctoral Fellow, Metallurgy

D. C. Deegan, Research Assistant, Metallurgy

K. E. Perumal, Research Assistant, Metallurgy

V. S. Agarwala, Research Assistant, Metallurgy

D. Townsend, Research Assistant, Metallurgy

D. Duquette, Research Assistant Metallurgy

I. Matsushima, Graduate Student, Metallurgy

J. Postula, Graduate Student, Metallurgy

Constance C. Lowery, Secretary, Metallurgy

Sponsorship

Army Research Office-Durham, DA-31-124-ARO_D)-47, DSR 9341

Office of Saline Water, 14-01-0001-404, DSR 5064

Shell Companies Foundation, Inc., DSR 9598

American Iron and Steel Institute, DSR 9650

National Steel Corporation, BA 2648 C

Corrosion Research Council, BA 2628

Degrees Granted

I. Matsushima, S.M., June 1965

D. C. Deegan, S.M., September 1965

R. C. Krutenat, Ph.D., February 1965

W. W. Bradley, Sc.D., February 1965

Research Report

The main activity of the Corrosion Laboratory is currently

concerned with:

1.0 Measurement and interpretation of critical potentials for

corrosion pitting of stainless steels and other passive alloys. In

particular environmental and metallurgical variables are receiving

cons ideration.



238

2. 0 Initial oxidation kinetics of metals in the thin film region.

Specifieally, oxidation kinetics of cadmium are being investigated in 0 2

atmospheres in the temperature range I00-200°C.

3.0 Mechanism of stress corrosion cracking.

Critical experiments are being devised to differentiate between

the electrochemical theory of crack propagation in metals and the theory

based on reduction of surface energy by adsorbed ions.

Effect of alloyed nickel, manganese, silicon and boron on stress

corrosion cracking of carbon steels in boiling nitrate solutions is being

investigated and is interpreted in terms of interstitial carbon atom

activity at grain boundaries makingup crack-sensitive paths.

4. 0 Mechanism of hydrogen cracking.

Experiments include carbon and alloy steels. An investigation

has been completed on the effect of cold work on susceptibility of Type 301

stainless steels. In the carbon alloy series, variables being studied

include metal purity, inclusion count, metallographic structure, alloying

additions (Ni, Co, Mn, Cr) and cold work.

5. 0 Corrosion rate of iron in deaerated water and sodium chloride

solutions.

This program employs a sensitive electric resistance method

aimed at obtaining accurate corrosion rates of iron in deaerated aqueous

solutions as a function of temperature, cold work and composition.

6. 0 Mechanism of corrosion fatigue.

Factors of the environment are studied affecting fracture of i015

carbon steel subject to reverse stress cycling at 1850 cycles/minute.

Variables being controlled include dissolved oxygen concentration,

chloride ion concentration, pH, and temperature.

Theses

R. C. Krutenat, "Formation of Dissolved Atomic Hydrogen during Anodic

and Cathodic Polarization of Metals", Ph. D. Thesis,

February 1965

W. W. Bradley, "Some Factors Affecting the Pre-Parabolic Oxidation

Rate of Copper", Sc.D. Thesis, February 1965.

I. Matsushima, "Mechanism of Hydrogen Cracking in Steel", S.M. Thesis,

June 1965
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D. C. Deegan, "Corrosion Fatigue Behavior of Carbon Steel", S.M.

Thesis, September 1965

J. Postula, "The Effect Qf Cold Work on Carbon Distribution in a Mild

Steel", S.B. Thesis, June 1965

Publications

H. H. Uhlig and J. P. Sara, "Origin of Delay Time in Stress Corrosion

Cracking of Austenitic Stainless Steels", Corrosion Science 5,

291-99, 1965.

L. M. Long and H. H. Uhlig, "Effect of Carbon and Oxygen in Iron on

Stress Corrosion Cracking in Nitrate Solution", J. Electrochem.

Soc. I1__22,No. I0, 964-967, 1965.

Z. A. Foroulis and H. H. Uhlig, "Effect of Impurities in Iron on Corrosion

in Acids", J. Electrochem. Soc. if2, No. 12, I177-1181, 1965.

V. O. Nwoko and H. H. Uhlig, "Logarithmic Oxidation Kinetics of Zinc",

J. Electrochem. Soc. 112, No. 12, 1181-1185, 1965.

I. Matsushima, D. Deegan and H. H. Uhlig, "Stress Corrosion Cracking

of 17-7 Stainless Steel", Corrosion 2.__22,No. I, 23-27, 1966.



SECTION C - METALLURGY AND MATERIALS SCIENCE 241

XII ELECTRONIC MATERIALS

Personnel

Harry C. Gatos, Professor, Metallurgy and Electrical Engineering

August F. Witt, Assistant Professor, Metallurgy

Steven N. Dermatis, DSR Staff

Mary C. Lavine, DSR Staff, Metallurgy

Varadachari Sadagopan, DSR Staff, Metallurgy

Halsey I. Andrews II, Research Assistant, Lincoln Laboratory

Frank J. Bachner, Research Assistant, Lincoln Laboratory

Pierre Bellin, Research Assistant, Metallurgy

James Harris, Research Assistant, Metallurgy

Howard Huff, General Telephone and Electric Fellow

Lionel Kimerling, Research Assistant, Metallurgy

Kenji Morizane, Research Assistant, Metallurgy

Robert S. Mroczkowski, Research Assistant, Metallurgy

Edward R. Pollard, Research Assistant, Lincoln Laboratory

Francis Roddy. Research Assistant, Electrical Engineering

Vincent P. Siuta, Research Assistant, Lincoln Laboratory

Frank T. J. Smith, Research Assistant, Metallurgy

John J. Stickler, Research Assistant, Lincoln Laboratory

Paul Tick, Research Assistant, Metallurgy

Theodoros Valahas, Research Assistant, Metallurgy

James Womac, Research Assistant, Lincoln Laboratory

Clifford J. Herman, Technician

Donald F. Ellingwood, Technician

Walter, Fitzgerald, Technician

Rachel A. Saxe, Secretary

Degrees Granted

C. L. Balestra, B. S,, August 1965

F. S. Lo, M. S.,September 1965

K. Morizane, M. S., June 1965

W. P. Robbins, M. S., June 1965

E. 'Feraer, M.S., September 1965

S. N. Vernon, M. S., February 1965

D. Duston, E. E., June 1965
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i.0 Compound Semiconductor Surfaces

Personnel: Professors H. C. Gatos, A. F. Witt; M. C. Lavine,

H. Huff, F. Roddy, T. Valahas

Sponsorship

Office of Naval Research, Nonr 3963 (05), DSR 9450

Advanced Research Projects Agency, SD-90, DSR 5122, 8893

Research Report

Sinusoidal electric fields were employed together with high mag-

netic fields in studying the surfaces of n-type indium antinionide of high

purity (6 x l013 cm 3 in the extrinsic range, mobility of 6 x l05 cmY/v-sec).

The field effect on the magnetoresistance of n-type indium antimonide was

studied as a function of temperature and magnetic field. It was found that

the ratio of the surface mobility to the bulk mobility decreases with in-

creasing magnetic field beyond a given value of the magnetic field. This

phenomenon was attributed to the quantization of the motion of electrons

in the presence of an electric and magnetic field.

Field-effect measurements on the A and B {lll] surfaces of indium

antimonide exposed to various ambients showed the presence of discrete

fast surface states near the conduction and valence bands. The B surfaces

were invariably found more p-type than the corresponding A surfaces. The

levels near the valence band edge were tentatively attributed to indium atoms

(aeceptor like) whereas the levels near the conduction band edge (donor like)

are attributed to antimony atoms.

Under high electric fields quantum tunneling from the slow surface

states to the semiconductor bulkwas observed. The tunneling seems to

proceed through the surface layer (most likely oxide) of about 40A. Quantum

tunneling phenomena under high electric fields were also observed in gallium

arsenide surfaces. The experiments with indium antimonide and gallium

arsenide for establishing the structure of the surface energy levels and the

associated tunneling phenomena are being continued.

Alow energy electron diffraction (LEED) system, which will per-

mit simultaneous determination of the surface structure and electrical

properties of single crystals, was designed and built. The individual com-

ponents of the system are presently being tested and calibrated in prepara-

tion for operation. Germanium surfaces will be first investigated.
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2.0 Crystallochemical Approach to Electronic Materials

Personnel: Professors H.C. Gatos, A.F. Witt; M.C. Lavine, V. Sadagopan

Sponsorship

Advanced Research Projects Agency, SD-90, DSR 5122

Research Report

Our crystaiiochemicai approach for correlating and developing

new superconductors and semiconductors has been pursued further.

A. Superconductors - The superconducting transition temperatures

of the following carbides Mo4.8Si3C0.6 (Nowotny phase, hexagonal, D88-type),

MOo. 95Hf0.05C0.75(cubic, B1 type) and Mo2C (orthorhombic) were found to

be 7.6 ° , 14.2 ° and 12.2°K, respectively. The carbon-centered molybdenum-

atom octahedron, which is the common crystallographic characteristic of

these materials, is believed to be primarily responsible for superconductivity.

Deviations from stoichiometry in these phases lead to decreased values of T
c

or disappearance of superconductivity.

A large number of compounds with the C15 type structure are super-

conducting and thus the above crystal system has been known to be favorable

for the occurence of superconductivity. We found three C15 type compounds:

ZrMo 2, HfV 2 and PbAu z to be superconductors with transition temperatures

4.75, 9.57 and 7.12°K respectively. The AI5 phase in the Mo-Pt system

was found to form peritectoidically from the n-Mo and the E' hexagonal phase

with a composition Mo3(Mo0.4Pt0.6) and a superconducting transition tempera-

ture of 8.8°K.

A striking difference in the superconducting behavior of the dis-

ordered and ordered Mo-lr phase was observed: the disordered phase (hexa-

gonal} exhibited a transition temperature of about I. 85°K whereas the ordered

phase (orthorhombic) exhibited a transition temperature of 8.8°K.

B. Semiconductors - The average heat of atomisation of vitreous

semiconductors (as computed from the heats of atomisation of the elements)

was found to be a reliable basis for correlating the softening point, micro-

hardness, linear expansion coefficient, dielectric constant, refractive index,

and resistivity. On this basis vitreous compositions in the systems Se-Ge,

As-Se-Ge, and As-Se-I have been synthesized and are under investigation.

Work on oxychalcogenide glasses has been initiated.
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3.0 Distribution of Impurities in Solids

Personnel: Professors H.C. Gatos, A.F. Witt; L. Kimerling, K. Morizane

Sponsorship

U. S. Atomic Energy Commission, AT(30-1)-3208, DSR 9878

Research Report

The results obtained from numerous experiments representing a

broad spectrum of experimental conditions have shown that impurity striations

in non-rotated crystals are caused by temperature fluctuations in the melt.

These temperature fluctuations are due to convective currents induced by

excessive temperature gradients in the growing crystal. Under extreme

conditions such fluctuations may lead to periodic remelting which in turn

causes very sharp striations.

In connection with this study we have discovered that the well known

(111) "core" heterogeneity may itself exhibit a nonuniform distribution of

impurities in the form of a "coring of the core". Electrical resistivity

measurements (in addition to etching) showed that the impurity concentration

in the inner part of the core is approximately the same as that of the off-

the-core parts of the crystal. This phenomenon offers excellent possibilities

for the study of the diffusivities of impurities in the melt and the role of

diffusion coefficients in the incorporation of impurities in the solid.
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4.0 Semiconductor Growth

Personnel: Professors H. C. Gatos and A. F. Witt; S. Dermatis, M. C.

Lavine, J.: M. Harris, P. Tick

Sponsorship

Advanced Research Projects Agency, SD-90, DSR 51ZZ, 51Z6, 8893

Research Report

Two Czochralski type furnaces were modified to permit control and

monitoring of growth conditions and parameters. Thus, the temperature

can now be controlled to + 0.1 °C. Two special seed holders were constructed.

One of these permits the superposition of controlled temperature fluctuations

of varying frequency and amplitude to the crystal melt interface. The other

is designed to vary the seed orientation continuously during growth to a

maximum deflection of 50". Both of these parameters were found important

in studying defect distribution in single crystals.

Work on "hollow" crystals was continued. Crystals were grown in

different orientations, i.e. (111) and (100). For successful growth it has

been found that the radial-temperature gradients have to be reduced to a

minimum. This problem was solved by introducing a graphite-post in the

center of the melt. The crystals grown under such conditions had a wall

thickness which varied from . 010 to 3/8 inches. Practically all crystals

grown had no transverse resistivity gradient. The seeds used were of three

different forms; cylindrical, square, and a composite consisting of four

plates assembled in the form of a square. The characteristics of these

crystals are being studied.

A system was designed for the in-situ investigation of crystal

growth from the vapor phase by means of interferometric techniques. Pre-

liminary experiments are done on silver substrates epitaxially grown onto

silver single crystals. All growth experiments are carried out in a vacuum

system at residual gas pressures of less than 5.10 -8 mm Hg. The optical

investigation by means of multiple beam interferometry (Tolanski technique)

and double beam interferometry (Nomarski technique) is performed with a

gas laser as light source (Model 130 Spectra Physics) in order to obtain

optimum in depth resolution which is estimated to exceed 10/_ .
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5.0 Heterojunctions

Personnel: Professors H. C. Gatos, A. F. Witt; M.C. Lavine,

R. Mroczkowski, J. Womac

Sponsorship

Office of Naval Research, Nonr 3963(05), DSR 9450

Advanced Research Projects Agency, SD-90, DSR 5122, 8893

Lincoln Laboratory, AF19(628}-500 (part} P.O. #BA 1253, BA 1254

Research Report

The study of GaAs-Ge heterojunctions has been continued with two

objects in mind: I) the investigation of the mechanisms of solidification and

growth of the junction material in the various layers of the junction, and 21

an investigation of the mechanism of crystal structure accomodation across

the discontinuity formed by the intersection of the fronts growing from each

of the parent substrates.

The tools being used in the investigation include the Kossel divergent

beam x-ray technique, electron probe microanalysis, replication electron

microscopy, transmission electron microscopy and various etching and

light microscopy techniques.

Preparation of samples for electron microscopy has been difficult

due to the small size of the samples used. Preparation techniques have been

improved, however, and the initial results of both replication and transmission

microscopy have been encouraging.

Various etchants and etching techniques have been investigated in

order to vary the selectivity of the etchants so as to investigate different

sections of the junction material. Some success has been achieved in

developing an etchant which does not selectively attack the central discontinuity

making its investigation a more tractable problem.
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6.0 Supe rc onductivity

Personnel: Professor H. C. Gatos; V. Sadagopan, F. Bachner, P. Bellin,

F. Smith, V. Siuta

Sponsors hip

Lincoln Laboratory, AF19(628)-500, (part} P.O. # BA1253, BA 1254

Advanced Research Projects Agency, SD-90, DSR 5122, 8893

Research Report

In addition to the work summarized in section II we have pursued

the following studies.

Thin niobium films produced by electron beam evaporation exhibited

considerably enhanced superconducting properties relative to the bulk metal.

Films with a transition temperature of 9.8K and a critical field 50 times that

of pure bulk niobium were prepared. The current required to quench super-

conductivity at 4.2K was greater than 106amps/cm 2. The effects of super-

imposed normal metal overlays on niobium films were also studied. A reduced

and broadened superconducting transition resulted, a behavior analogous to

the effect obtained by introducing impurities into a pure superconductor.

A systematic study of the effects of metallurgical structure and

purity on the superconducting properties of tantalum has been carried out.

Resistance measurements have been made for both strained and unstrained

vacuum-annealed wire specimens of various purities as a function of magnetic

field, field orientation, temperature, and current. Results obtained with the

applied field parallel to the specimen axis can be interpreted in terms of the

Saint James de Gennes theory of surface superconductivity if it is assumed

that the specimen surfaces have picked up impurities during cooling in the

annealing furnace. Both the bulk and surface critical fields were obtained

from the resistance measurements. It is of interest to note that over the

entire range of purities and temperatures examined it appears that the resistive

properties at least in fields up to 80 percent of the critical field are primarily

a function of a modified Lorentz force parameter. Both dislocations introd-

uced by bending and impurities oppose this force reducing the resistance

of the sample by an amount which increases rapidly as the temperature is

lowered. These results might be explained either on the basis of a theory

similar to the Anderson-Kim flow creep theory, or on the idea of current

induced rearrangements of the intermediate state occuring so as to block

superconducting paths through the specimen.

The binary systems Mo-lr, and Mo-Pt in the equiatomic region,
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exhibit a transition from a randomly occupied hexagonal close-packed

structure (Mg, A3} to an ordered orthorhombic structure (AuCd, BI9}.

Accompanying this transformation is a change in the lattice parameters,

the superconducting transition temperature and in the thermoelectric

power. Upon ordering there is a slight contraction in the < ]00>

direction, an increase to the more positive values of the thermoelectric

power, and an increase in the superconducting transition temperature.

A qualitative band diagram has been developed for the B-tungsten

structure compounds Nb3Sn, and Nb3AI to account for the degration of the

superconducting properties upon high temperature heat treatment which

leads to a vacancy heat defect structure. The diagram also accounts for

the decrease in T c of Nb3Sn in the presence of Nb3Sb.

7.0

Personnel:

High Pressure Studies

Professor H. C. Gatos; H. Andrews, E. Pollard

Sponsorship

Lincoln Laboratory AF 19(628)-500(part)P.O. #BA1253, BA1254

Research Report.

The modification of the pressure induced phase transformation in

HgSe by the presence of HgS has been studied in all ranges of HgSe-HgS

composition, and the phases stable at various compositions under standard

conditions (room temperature and one atmosphere} have been determined.

8.0 Magnetic Resonance in Non-Metallic Spinels

Personneh Professor H.C. Gatos; J.J. Stickler

Sponsorship

Lincoln Laboratory, AFlg(628)-500 (part) P.O. No. BAI253, BAI254
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Research Report

The high frequency magnetic resonance characteristics of selected

ferri- and antiferromagnetic spinels will be investigated with the aim of

correlating high frequency resonance behavior with properties observed via

static measurements. Initial studies are being strated on the antiferro-

magnetic spinel ZnCr2Se 4, having a Curie temperature near 20°K. Micro-

wave spectrometers operating from 0.2 to lZ centimeters wavelength will

be employed.

Theses

F. J. Bachner, "Structural and Electronic Aspects of the Beta-Tungsten

Structure Compounds Nb3Sn, Nb3A1 and Nb3Sb as Applied to Super-

conductivity", Ph.D., Department of Metallurgy, February 1966.

C. L. Balestra, "Low Temperature Field Effect Measurements on the {111 ]

Surfaces of Indium Antimonide", S.B., Department of Metallurgy,

August 1965.

K. Morizane, "Impurity Striations in Indium-Antimonide Single Crystals",

M. S., Department of Metallurgy, May 1 965.

_V. P. Robbins, "Dynamic Properties of Type II Superconductors in 'rime-

Varying Fields", M.S., Department of Metallurgy, May 1965.

V. P. Siuta, "Superconductivity in Niobium Films", Sc. D., Department of

Metallurgy, February 1966.

F. T. J. Smith, '_tructural Effects on the Superconducting Properties of

Tantalum", Sc.D., Department of Metallurgy, February 1966.

E. Terrier, "Electrical Characteristics of Germanium Single Crystals

Doped with Indium Antimonide", M.S., Department of Metallurgy,

September 1965.

S. N. Vernon, "Superconducting and Structural Analysis of the InSbii-_ Sn

System", M.S., Department of Metallurgy, February 1965.

Publications

F. J. Bachner, H.C. Gatos, and M.D. Banus, "Peritectic Reaction in the

Superconductor Nb3Sn" , Trans. AIME, 233, 22-7 (1965).

V. Sadagopan and H. C. Gatos, "Superconductivity in the Close-packed

Intermediate Phases of the V-Ir, Nb-Ir, N-b-Rh, Ta-Rh, Nb-Pt,

Ta-Pt and other Related Systems", Phys. Stat. Sol. 13, 423 (1966).

V. Sadagopan and H. C. Gatos, "Superconductivity in the Transition Metal

Carbides: M°4" 8 Si3C0- 6" M°0-95Hf0"05C0"75 and Mo2C" , J. Phys.

Chem. Solids, 27, 235 (1966).
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R. S. Mroczkowski, M.C. Lavine and H.C. Gatos, "Metallurgical Aspects

of Ga As-Ge " " ,Heterojunctlons , Trans. AIME 233 456 (1965).

M.D. Banus, S. Vernon and H.C. Gatos, "Superconducting Characteristics

of the High-Pressure InSb-Beta Sn System", J. Appl. Phys. 3_66,

864 (1965).

R.E. Hanneman and H.C. Gatos, "Relationship Between Compressibility and

Thermal Expansion Coefficients in Cubic Metals and Alloys", J. Appl.

Phys. 36, 1794 (1965).

R.E. Hanneman, R.E. Ogilvie and H.C. Gatos, "Effect of High Pressue on

the Iron-Vanadium System: I: Phase Stability Under Pressure";

• _l" ,If: "Chemical Interdiffuslo , Trans AIME 233, 685, 691 (1965).

V. Sadagopan and H.C. Gatos, "On the Relationship of Semiconductor Com-

pound Properties and the Average Heats of Atomisation", Solid-

State Electronics 8, 529 (1965).

V. Sadagopan, E. Pollard and H.C. Gatos, "Superconducting Transition

Temperatures of ZrMo 2, HfV 2 and PbAuz", Solid State Communica-

tions 3, 97 (1965).

S. Kawaji, H. Huff and H.C. Gatos, "Field Effect on Magnetoresistance of

N-Type Indium Antimonide", Surface Science 3, Z34 (1965).

H.R. Killias, S.N. Dermatis and H.C. Gatos, "Growth and Characterization

of Uranium Doped Germanium Single Crystals", J. Electrochem.

Soc. I12, 362 (1965).

V. Sadagopan, E.R. Pollard, B.C. Giessen and H.C. Gatos, "Order-

Disorder Effect on Superconductivity: The Molr System", Appl.

Phys. Letters 7, 73 (1965).

H.C. Gatos, and M.C. Lavine, "Chemical Behavior of Semiconductors:

Etching Characteristics" in Progress in Semiconductors edited by

A.F. Gibson and R.E. Burgess 9, 3 (1965).

K. Morizane, A.F. Witt and H.C. Gatos, "Impurity Distribution in Single

Crystals I. Impurity Striations in Non-Rotated InSb Crystals",

J. Electrochern. Soc. I13, 51 (1966).

V. Sadagopan, H.C. Gatos and B.C. Giessen, "Stability and Superconducting

Transition Temperature of the Al5-type Phase in the Mo-Pt System:

NMo3(Mo0.4Pt0.6) J. Phys. Chem. Solids Z6, 1687 (1965).

E. Parth_, W. Jeitschko and V. Sadagopan, "A Neutron Diffraction Study of

the Nowotny-phase Mo_< 5 Si3 C -< i"' Acta Crystallographica, __19,

1031 (1965).

V. Sadagopan and H. C. Gatos, "Vitreous Semiconductor Properties and the

Average Heats of Atomization", Solid State Electronics, 9, 17

(1966).
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XIII SUPERCONDUCTIVE MATERIALS

Personnel

Professor J. Wulff, Professor, Metallura'v

Professor R. M. Rose, Assistant Professor, Metallurgy

Dr. P. Hilsch, Research Associate, Metallurgy

Dr. K. M. Rails, Research Associate, Metallurgy

G. A. Beske, Teaching Assistant, Metallurgy

H. E. Cline, Research Assistant, Metallurgy

F. H. Cocks, NSF Trainee, Metallurgy

D. A. Colling, Research Assistant, Metallurgy

P. Heitman, Teaching Assistant, Metallurgy

Margaret MacVicar, NSF Trainee, Metallurgy

H. B. Shukovsky, Teaching Assistant, Metallurgy

L. C. Skinner, II, Teaching Assistant, Metallurgy

B. P. Strauss, NSF Trainee, Metallurgy

F. W. Reuter, III, Summer Employee, Metallurgy

I. M. Puffer, Engineering Assistant, Metallurgy

Susan S. Berk, Secretary, Metallurgy

Phyllis M. Stratton, Secretary, Metallurgy

Degrees Granted

G.A. Beske, Ph.D., August 1965

F. H. Cocks, Ph.D. ,September 1965

H. E. Cline, Ph.D., May 1965

D. A. Col_ling, Sc.D., August 1965

P. W. Heitman, S.M., August 1965

L. C. Skinner II, Ph.D., August 1965

Sponsorship

Specific sponsorship is listed under each individual research report.
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I. 0 Superconducting Niobium: Structural Effects

Personnel: Professors J. Wulff and R. M. Rose

Sponsorship

U.S. Army Research Office {Durham), DA-ARO(D)-31-124-G478, DSR 9890

Research Report

Systematic straining and annealing procedures have demonstrated

a direct connection of the critical current density peak with unrelieved

plastic deformation. Possible cumulative substructure effects and induced

anisotropy contributions of interstitial oxygen are also present.

2.0 Property Improvements of High Field Superconductors

Personnel: Professor J. Wulff; P. Hilsch, K. M. Ralls, P. W. Heitman,

D. A. Colling

Sponsorship

Advanced Research Projects Agency, SD 90, DSR 5124

Research Report

Mierostructural variations in Nb-Zr alloys are under continuing

investigation. The variation of critical temperature (Tc), critical field

(Hc), and critical current density (Jc) has been measured for a series of

binary Ta-Ti alloys across the entire system. Also the optimal heat treat-

ment for J has been determined, and the response of T to the heat treat-
e c

ment temperature has been measured.
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3.0 Solid Solution Superconductivity

Personnel: Professors J. Wulff and R. M. Rose; K. M. Rails, F. W. Reuter

Sponsorship

National Science Foundation, GP-2863, DSR 5184

Research Report

]?he influence of heat treatment, cold work, and interstitial impuri-

ties on the critical current densities of the high-field Nb-Ti alloys has been

investigated. A relatively high oxygen level has been found to be essential

to the optimal heat treatment response. This is probably due to an occlusion

effect rather than kinetics. The resistive critical field has been approxi-

mately calculated by using a simplified thermodynamic model which considers

Type II and paramagnetic contributions for the Nb-Zr system. The critical

field surface for the ternary Nb-Zr-Ti system has been determined; there

is a saddle point between the Nb-Zr and Nb-Ti binaries.

4.0 Synthetic Superconductors

Personnel: Professors J. Wulff and R. M. Rose; H. E. Cline

Sponsorship

National Aeronautics and Space Administration, NAS3-Z590, DSR 9896

Research Report

Continued investigation of fine Nb-Cu composites has revealed the

existence of relatively large proximity effects, even at filament sizes about

5000 A.U. Electron micrography and magnetic measurements have verified

the sizes of the Nb filaments and the integrity of the composite structure.
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5.0 Precipitation and Superconductivity in Aluminum Alloys

Personnel: Professor R. M. Rose; G. A. Beske

Sponsors hip

U. S. Atomic Energy Commission, AT930-1)-3226, DSR 989Z

Research Report

The magnetic properties below 1. Z°K have been investigated for a

series of Type I and Type II A1-Zn alloys, as a function of precipitation.

The behavior of the Type II alloys is consistent with the fluxoid-pinning model;

the Type I alloys appear to follow the De Jong-Blaisse theory.

6.0 High Perfection in the Refractory Metals

Personnel: Professor R. M. Rose; F. H. Cocks, H. B. Shukovsky

Sponsorship

National Science Foundation, NSF-GP-2069, DSR 9974

6.1 Ta in Nb

The neutron activation analysis of segregation of Ta at small

concentrations (50 - 200 ppm) in Nb during solidification has been completed.

A segregation coefficient of 1.4 has been calculated, and the diffusion rate

of Ta in the liquid estimated.

6. Z Defect Resistivity in Tungsten

Dislocation and vacancy resistivities have been separated and

measured for tungsten single crystals of initial resistivity ratios ranging

from 1 to 5 × 104 . The dislocation resistivity is found to vary with disloca-

8pD 6.7 x 10 -11 3
tion density as aND - microhm-cm . The temperature-

sensitive component of the resistivity was found to vary as T 5.

6.3 Crystal Growth
-i0

Nb single crystals have been grown in Vacua of about 5 × i0 torr.

The resulting resistivity ratio was about 800, suggesting that factors other

than dissolved gases now limit the resistivity ratio. Tungsten contamination

is now being considered, measured, and eliminated.
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7.0 Electronic Tunneling into Superconducting Nb Single Crystals
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Personnel: Professor R. M. Rose; L. C. Skinner lI, M. L. A. MacVicar

Sponsorship

Office of Naval Research, Nonr3 963 (16), DSR 4611

Research Report

Turu-leling into bulk niobiun, is being investigated. The technique

is to deposit thin lead strips on surfaces of Nb single crystals which have

been grown by the floating-zone electron beam technique in ultra-high vacuum.

Thus, the effects of crystal orientation may be determined, and the relative-

ly unperturbed crystal surface may be exploited.

7.1 Ginzburg-Landau Parameters for Nb and V

The magnetization curves for superconducting Nb and V have been

measured over temperature ranges from 1.4°K to the respective transition

temperatures. For both materials, two parameters (rather than the single

parameter of the original GLAG theory} are needed to describe the magnetiza-

tion, as has been suggested by Maki. The temperature variation of the

parameters, however, does not completely fit the Maki theory.

Theses

G. A. Beske, "The Effect of Precipitation on the Superconducting Properties

of an Aluminum-15 Atomic Percent Zinc Alloy", Ph.D., August

1965.

F. H. Cocks, "Point Defects and the Plastic Deformation of Niobium Single

Crystals", Ph. D., September 1965.

H. E. Cline, "The Magnetic Field Distribution ia a Type II Superconductor"

Ph.D., May 1965.

D. A. Colling, "Effect of Metallurgical Structure on Superconducting Tantalum-

Titanium Alloys", Sc.D., August 1965.

P. W. Heitman, "The Microstrueture and Superconducting Properties of a

70Nb-30Zr Alloy", S.M., August 1965.

L. C. Skinner II, "The Temperature Variation of the Ginzburg-Landau Para-

meter in Niobium Single Crystals", August 1965.
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Public ations

C. S. Tedmon, Jr., R. M. Rose, and J. Wulff, "Resistive Measurements

of Structural Effect in Superconducting Niobium", J. App. Phys.

36, 829 (1965}.

C. S. Tedmon, Jr., R. M. Rose and J. Wulff, "Influence of Controlled

Additions of Oxygen on the Superconductivity of Niobium", J. App.

Phi. 36, 164 {1965).

K. M. Ralls, R. M. Rose, and J. Wulff, "Limiting Magnetic Fields for

High-Field Superconductivity", J. App. Phys. 36, 1295 (1965).

H. E. Cline, C. S. Tedmon, Jr., and R. M. Rose, "Irreversible Magnetiza-

tion of High-Field Superconductors", Phys. Rev. 137, Series A,

1767 (1965}.

G. C. Rauch, R. M. Rose, and J. Wulff, "Observations on Microstructure

and Superconductivity in the Nb-H System", J. Less-Common

Metals 8, 99 {1965}.

T. H. Courtney, G. W. Pearsall, and J. Wulff, "The Influence of Point

Defects on Some Superconducting Properties of Nb3Sn {Cb3Sn)",

Trans. AIME 23_, 212 (1965}.

T. H. Courtney, J. Reintjes, and J. Wulff, "Critical Feild Measurements

of Superconducting Niobium Nitride", J. App. Phys. _6, 660 (1965).

H. B. Shukovsky, K. M. Rails, and R. M. Rose, "The Effect of Heat

Treatment on the Microstructure and Superconducting Properties

of a Cb-55% Zr Alloy", Trans. AIME 233, 1825 (1965).

H. C. Cline, R. M. Rose, and J. Wulff, "The Magnetic Field Distribution

in a Type II Superconductor", to appear in J. App. Phys. January

1966.

H. E. Cline, B. P. Strauss, R. M. Rose, and J. Wulff, "Superconductivity

of a Composite of Very Fine Niobium Wires in Copper", to appear

in J. App. Phys. February 1966.

L. C. Skinner, R. M. Rose, and J. Wulff, "The Temperature Variation

of the Ginzburg-Landau Parameter in Nb", to appear in J, App. Phys.

March 1966.

H. B. Shukovsky, R. M. Rose, and J. Wulff, "Low Temperature Electrical

Resistivity of Lattice Defects in Deformed Tungsten Single Crystals",

to appear in _icta Met.

F. H. Cocks, R. M. Rose, and J. Wulff, "Segregation of Ta at Very Low

Concentrations in Nb by Controlled Solidification; a Neutron

Activation Study", to appear in J. Less-Common Metals.
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SECTION D

MATERIALS ENGI_EE RiNG

I. DEFORMATION, FRACTURE, AND THE MECHANICS OF

MATERIALS

1.0 Fundamental Mechanisms in Fatigue

Personnel

Professor E. Orowan, Professor, Mechanical Engineering

Professor F. A. McClintock, Professor, Mechanical Engineering

Professor A. S. Argon, Associate Professor, Mechanical Engineering

J. Godrick, Research Assistant, Mechanical Engineering

R. Wright, NSF Fellow, Department of Metallurgy

W. Henry, Instrument Maker, Mechanical Engineering (part time)

Karen J. Hall, Secretary, Mechanical Engineering (part time)

Sponsorship

National Aeronautics and Space Administration Grant NGR- 22- 009- 075,

DSR 4643

Research Report

The study of the nucleation and propagation of fatigue cracks in

metals by the more powerful techniques of sectioning and electron
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microscopy to investigate the nature of the fatigue damage is often made

very difficult by the strong alterations which may result in the damage to

be studied by these techniques. To circumvent the difficulty, experiments

are now being carried out on semi-brittle materials which behave in a

ductile manner at elevated temperatures but are more or less undeform-

able at room temperature. Among the materials under investigation are

Fe-5%Si, Iron, tungsten, antimony, magnesium oxide, germanium and

silicon.
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2. 0 Plastic Deformation and Strain Hardening

Personnel

Professor A. S. Argon, Associate Professor, Mechanical Engineering

T. Brydges, NSF Fellow, Mechanical Engineering

J. Godrick, Research Assistant, Mechanical Engineering

E. Kirayoglu, Research Assistant, Mechanical Engineering

G. Padawer, NSF Fellow, Civil Engineering

W. Henry, instrument Maker, Mechanical Engineering (part time)

Karen J. Hall, Secretary, Mechanical Engineering (part time)

Sponsorship

National Science Foundation Grant NSF-GZ4840, DSR 9257, and

Grant GK-596, DSR 6044

Degrees Granted

M. Hanson, B.S., June 1965

E. Kirayoglu, M.S., June 1965

Research Report

2. 1 Studies of Laminar Slip

in rock salt the velocities of individual edge dislocations were

measured as a function of stress. At a temperature above 120°K the

motion of dislocations involved thermal activation. The stress dependence

of the activation energy could be represented by the natural logarithm of

an empirical stress parameter divided by the applied stress. This stress

dependence was found to be consistent with the expected increase of the

activation distance with decreasing stress for a dislocation segment in an

impurity stress field. At a temperature below 120°K the velocity of edge

dislocations became insensitive to temperature but retained its sensitivity

to stress. This effect has not yet been explained. Measurements of the

temperature and strain rate sensitivity of the initial yield stress show that

there is no relation between these quantities and the velocity of individual

edge dislocations. The absence of a direct relationship between the stress

and temperature sensitivities of the velocity of edge dislocations and the

macroscopic strain rate as well as the absence of yield phenomena of the

type observed by Gilman and Johnston suggests that the macroscopic yield

stress in this very pure material is not governed by the dynamics of

individual dislocations but by internal stresses due to growth dislocations.
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Measurements of the velocities of screw dislocations and a study of the

rate of hardening in easy glide in rock salt is now in progress.

Etch-pit and micro-strain measurements on copper indicate that

the hardening process in which the square root of the dislocation density

is related to the flow stress holds even in the range prior to macro

yielding. Investigations in this area are presently continuing.

2. 2 Refractory Metals

The study of the deformation of the body centered cubic transition

metals has been continued. Transient creep experiments at room tempera-

ture have shown that the time law of creep strain is a logarithmic function.

This suggests that the very high rates of hardening which have been

observed in earlier studies are due to a rapid increase in the activation

energy with plastic strain of the deformation process. Increment and

decrement experiments in transient creep at room temperature have also

shown that for all the orientations tested the strain rate sensitivity

increases with strain at strain rates below 10 -4 and decreases with strain

for strain rates above 10 -4 per second. Studies of the Bauschinger effect

have shown that back straifls on unloading never exceed 10% of the elastic

unloading strain: even in reverse yielding the Bauschinger strain never

exceeds 25% of the elastic strain. This shows that although back stresses

are present, they are not of sufficient magnitude to explain the very high

hardening rates.

2. 3 Deformation Bands in Sheet Rubber

The formation and spread of unloading deformation bands have

been studied in rubber sheet over a wide temperature range. The bands

arise due to the formation of a relatively stable crystalline structure in a

highly stretched rubber sheet. Upon unloading the crystalline structure

persists under a tension considerably lower than the tension in loading.

Eventually a random structure nucleates at a certain point in the stretched

sheet and the sheet abruptly thickens at this point. Upon further relaxa-

tion of the ends of the sheet the stretched crystalline portion of the sheet

is steadily converted into a random structure as the zone of the random

structure sweeps along the sheet. The banded two-phase type of unloading

is observed in the entire temperature range of rubbery behavior. In bars

of rubber with uniform cross sectional dimensions the formation of the

bands is suppressed by the strong lateral stresses which would develop at

the neck.
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2.4 Nucleation of Cracks in MgO Single Crystals

The conditions of the nucleation of cracks at the intersections of

conjugate dislocation bands in MgO have been studied theoretically.

Calculations of the plastic accommodation ahead of a dislocation band

showed that such accommodation must be very nearly complete in MgO

single crystals. The nucleation of cracks at dislocation band intersections

can then only be explained by a lag of the kinking type of accommodation in

the obstructing dislocation band behind the rise of the stress due to the

• - _., - --,L .... ,_^.3growzn oi me margins of an ub_L_ u_u _-'_^_*_ _ _'^"d ,_T_y _ ,_e +h,_

modes of crack nucleation observed by Argon and Orowan can be explained

by this mechanism.

Publications

A. S. Argon and S. R. Maloof, "Plastic Deformation of Tungsten Single

Crystals at Low Temperature", in the press.

A. S. Argon and S. R. Maloof, "Fracture of Tungsten Single Crystals at

Low Temperature", in the press.

A. S. Argon, "Plastic Accommodation at Micro Stress Concentrations",

Proceedings of the International Conference on Fracture at

Sendal, Japan, Vol. 4, D ll-10., 1965.

A. S. Argon, "Deformation and Fracture of Solids", Chapter 9 in The

Molecular Designing of Materials and Devices, A. yon Hippel,

Editor, MIT Press, 84, 1965.

A. S. Argon, "Surface Energy of Solids", (a discussion), Phys. Stat. Sol.,

Vol. 12, K121, 1965.

G. E. Padawer (together with J. Cahn) "On HiLlert's Grain Growth

Catalyst", Acta Met., 13, 1091, 1965.
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3. 0 The Micro Yield Stress of Beryllium and its Alloys

Personnel

Professor A. S. Argon, Associate Professor of Mechanical Engineering

G. East, Research Assistant, Mechanical Engineering

W. Henry, Instrument Maker, Mechanical Engineering {part tlme)

Karen J. Hall, Secretary, Mechanical Engineering (part time)

Sponsorship

ItekCorporation, P.O. 9226-A-0030, DSR 6236)

Research Report

Complete elastic behavior is expected from certain optical

components in earth satellites in addition to minimum weight. The metal

beryllium which is light and has a very high modulus of eleasticity has,

however, often a low micro-yield strength. The object of this research is

to develop beryllium alloys with high micro-yield strengths without regard

to loss of ductility.

<_
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4. 0 Fracture under Plastic Flow

Personnel
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Research Report

The process of fracture under plastic flow requires an under-

standing of phenomena at many different scales, from the mechanics of

deformation in regions a millimeter or more from the tip of the crack to

the atomic mechanisms at the very tip. In this project, work has ranged

over all these regions.

4. 1 Atomic Mechanisms of Fracture

The fracture strain of a perfect crystal triaxial tension is largely

determined by the interatomic repulsive forces and has been studied with

the bubble raft analog. In metals with "hard" force laws, fracture will

occur due to triaxial tension in front of the notch, before fully plastic

flow, if the ratio of flow stress to modulus elasticity exceeds about 2%.

The long-range attractive forces mean that vacancies, stacking faults, and

grain boundaries have little effect on the fracture strain, and even

dislocations reduce it by only a factor of two or three. In bubble rafts under

biaxial tension, four types of distributed dislocation cores occur, depending

on the biaxial stress. The rather large sizes and distinct types of these
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cores make it difficult to predict fracture from linear elasticity and surface

energy concepts. Further experiments are being carried out on the growth

of holes by trapping of dislocations under cyclic loading. Computer

calculations for a [I00 } crack in an ionic crystal are being made to see

whether cleavage or dislocation generation is more likely under increasing

stress.

4. Z Microscopic Mechanisms of Fracture

Previous calculations of ductile fracture by the growth and

coalescence of holes are being extended to include strain hardening.

Microscopic observations under plane strain conditions are being made to

determine the applicability of the theory. While fractographs show that hole

growth can be important, the existence of fracture in compression in

commercial alloys shows that hole growth is not the only mechanism of

ductile fracture. Calculations are being made of the stress and strain

fields around rigid inclusions in a plastically deforming medium as an aid

to understanding the initiation of cracking.

4.3 Fracture Mechanics

The elastic-plastic strain field at the tip of a notch under

increasing plane-strain tension is being computed with the aid of the unit

diagram and compared with the fields found by etching high-nitrogen

steel, and by compressing specimens containing Moir_ grids. In contrast

to elastic or shear solutions, the indications are that the plastic zone extends

both ahead and behind the notch, as with the fully plastic strain field.

Publications

F. A. McClintock and G. R. Irwin, "Plasticity Aspects of Fracture

Mechanics", Symposium on Fracture Toughness Testing and its

Applications, ASTM, No. 381, pp. 84-113, 1965.

F.A. McClintock, "Effects of Root Radius, Stress, Crack Growth and Rate

on Fracture Instability", Proc. Roy. Soc., A, 285, pp. 58-72,

1965.

A. Guillen-Preekler, F. A. McClintock and R. D. White, "Plastic Shear

Flow in Asymmetrically Notched Specimens", International

Conference on Fracture, Sendai, No. I, A-411-A-427, 1965.

F. A. McClintock and W. R. O'Day, Jr., "Biaxial Tension, Distributed

Dislocation Cores, and Fracture in Bubble Rafts, International

Conference on Fracture, Sendai, I A-17 to A-47, 1965.
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5.0 Mechanical Properties of Metallic Composites
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Introduction

Composite materials which are under development for high

mechanical strength and unusual high temperature properties are usually

two phase mixtures. Elements of a hard and strong phase material are

introduced into the structure to provide strength and resistance to high

temperature softening. The most desirable of these strong and temperature

resistant materials ordinarily show little ductility at ordinary temperatures,

so that they are difficult to form by normal procedures. In addition, they

are often subject to failure by thermal shock upon rapid changes in

temperature. To offset these undesirable effects, elements of a softer

and more ductile phase are added to structure. The ductile phase may

reduce the number of crack nuclei at the surfaces of the hard phase

elements and damp rapid crack propagation. In a number of composites,

the softer phase served to bind together the hard phase elements.

Only the very simplest of composites for which the stronger

phase comprises a major volume fraction are in use today. These are

mainly in the classes of epoxy bonded fiberglas, or coated or laminated

materials. Broader applications for more complex strong phase
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composites, particularly those in which the hard and soft phase elements

are uniformly interdispersed are limited by three factors: our

knowledge of the basic deformation modes, strenghtening factors and

fracture is still in early development; the art of producing arbitrary

combinations of materials with desired properties is still in its

infancy; and techniques for the manufacture of a reliably uniform product

have not been worked out.

The purpose of the present work has been to develop an under-

standing of the interaction of the stronger and the more ductile phases

in determining the mechanical behavior and fracture of metallic

composites. The study is directed to composites in which the strong

phase constituted the major volume fraction. We have been particularly

concerned with the relation of the properties of the individual phases to

their behavior in a composite. In addition, we have considered the effect

of the shape, size and volume fraction, distribution and spacing of the

phases upon the properties. And finally, in preparing the composites and

investigating their high temperature properties, we have looked into their

thermodynamic properties, phase relationships, solubilities, and

interfacial tensions.

5. 1 Two Phase Composites

Liquid phase sintered composites of W-Fe-Ni, W-Cu-Fi, and

Fe-Cu form a continuous strong skeleton with the softer matrix phase

wetting the grain boundaries to a dihedral angle of about 30 degrees. The

skeleton shows rounded tungsten domains in cross-section. The

composite W-Cu probably also falls into this class. However, since copper

completely wets a tungsten surface, and the solubility of W in Cu is very

low the kinetics of W-W bond formation are at best, slow. Thus, the W-Cu

composite sintered for normal times appears for the most part as a series

of discrete W particles completely surrounded by Cu matrix. We shall

also include in this group, the Fe-Ag composite though the dihedral angle

of Ag against an Fe grain boundary is about 150 °, and therefore, the Fe

skeleton, though continuous, is not rounded.

Examples of all five of these composites were prepared and

tested, the W-Fe-Ni composites using a 7/3 Ni to Fe ratio, and the

W-Cu-Ni composites with a 6/4 Ni to Cu ratio. Only three of the five were

found to be ductile, W-Fe-Ni, Fe-Cu and Fe-Ag. W-Cu samples failed

after I - Z% strain and W-Cu-Ni with only slightly greater strain. Fracture

in both these composites occurred by the opening of cavities in the softer

matrix phase. No fracture was observed in the harder phase particles.
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In the W-Cu-Ni composites, particles separated along grain boundaries.

The ductile composites all extended from 15 to 30% true strain

at necking at room temperature. While this result may not seem

unusual for the Fe based composites, it is certainly unusual for the W

based composites for tungsten itself shows very low ductility (excepting

extremely pure single crystals) at room temperature. The properties of

these ductile composites and their relation to composition, microstructure

and test conditions is described below.

5. 1. 1 Room Temperature Properties of Ductile Composites

Properties of the W-Fe-Ni composite will be discussed in detail

with those of the Fe-Cu and Fe-Ag offered as corroborating evidence.

W-Fe-Ni composites consist of a continuous skeleton of pure W in a

continuous face centered cubic solid solution matrix phase containing

53.2 wt of Ni, 22.8% Fe and 24% W. Samples containing measured

volume fractions from 41 to 96 vol. % W were prepared, tested and

examined. Quantitative metallographic studies were made of the domain

size and contiguity, and the mean free path through W and matrix.

Separate samples of the fine-grained solid solution matrix alloy were

prepared and tested for comparison with the composite properties.

Perhaps the most surprising result of this study is the fact that

the volume fraction of soft phase present has only a small effect upon the

composite strength. Although the matrix phase is only a little more than

half as strong as the composite at any strain, the stress strain curves of

over thirty individually prepared and sintered samples containing from 41

to 96 vol. % W fall within a scatter band ± 7% of the average flow stress.

A regular trend of increasing flow strength with increasing W content is

noted at small strains (less than about 3%) but at large strains, these

differences are minimized. The same results were found for the Fe-Cu

and Fe-Ag alloys, and in these cases, it was feasible to compare the

properties of the harder phase alone with composite behavior (Fe with Cu

at the limit of solid solution at 1000°C was compared with similarly

equilibrated Fe-Cu, and iron of comparable purity to that used in the

composite was compared with the Fe-AgL

The rapid initial strain hardening of the composites, the results of

Cottrell-Stokes type tests and the strong temperature dependence of the

flow stress all offered convincing evidence that the stronger BCC phase

controls the deformation of these composites. It is also obvious, since

the flow strength is almost independent of the amount of matrix phase

present, that the softer phase must be capable of rapidly work hardening
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to the strength level of the harder.

The hypothesis was tested by annealing a series of prestrained

W-Fe-Ni composites containing from 50 to 90 vol. % W at 800°C, a

temperature demonstrated to be above the softening temperature of the

matrix and below that of tungsten and observing the return of strength

upon retesting. In these results, the calculated strain hardening rate of

the matrix phase did not follow a (mean free path}-i/2 relationship that

might be expected from a dislocation pileup strengthening model. Instead
-I

the results followed a (mean free path} relation, as might be expected

from Orowan fine particle hardening, although this does not seem to be

the matrix strengthening mechanism.

It should be noted here that the normal parameters used to

describe variations in composite strength, particle size, or mean free

path through the soft phase appear to have little or no effect upon the

strength of these ductile composites. With increasing strong phase

content, the mean domain size increases, the matrix mean free path

decreases, and the domain contiguity increases. The effect of changes

in these parameters appears only to effect the fracture behavior at very

high hard phase content as we shall note below.

5. I. 2 Fracture in Ductile Composites

Whereas the W-Cu composite in which individual W particles were

surrounded by Cu matrix failed by cavity development, the ductile

composites normally failed by ductile necking. This difference must be

attributed to two factors: with ductile composite, the continuous strong

phase skeleton must deform plastically from the start. Thus high

hydrostatic stresses cannot develop. By contrast in the discontinuous

W-Cu composite, the Cu phase which yields at a relatively low stress

must develop hydrostatic constraint. In addition, the rate of work

hardening of the ductile W-Fe-Ni matrix phase is high, as is its flow stress.

It is of extreme interest to point out that the ductile composites

show reasonable elongation well below the normal ductile-brittle transition

temperatures of the stronger phases. At 78°K, the W-Fe-Ni composite

containing 66 vol. % W elongated 11% and the Fe-Ag alloy containing

70 vol. % Fe, 8%. There is a very direct and observable reason for this

ductile behavior. The normal processes leading to catastropic brittle

failure do not operate in the composites. Thus, cracks unitiating at

surface particles are observed to be blunted by the tough matrix phase.

Similarly, twin nucleation appears to be very infrequent, and twins do not

propagate readily through the structure. Finally, large dislocation
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concentrations which might normally form a crack at a hard phase

boundary are diverted and exhausted into the ductile matrix. In the

absence of these sources of brittle failure the composite deforms readily.

On the other hand, it was observed that at tungsten volume

fractions in excess of about 90% for the W-Fe-Ni composite, fracture

strength could be related to domain size roughly through the Griffith

Orowan criterion. At these high volume fractions, the W contiguity

becomes quite high, and brittle fracture paths are available.

5. I. 3 High Temperature Properties of Ductile Composites

The properties of the Fe-30% Ag composite were compared with

those of Fe of comparable purity and initial grain size from 78°K to well

above the melting point of silver. The Fe sample was, of course,

completely brittle at 78°K and failed at 2/3 the stress of the composite.

From room temperature to 400°C the stress-strain curves of the two

materials were identical. At' higher temperatures, to the melting point of

silver, the composite showed a greater strength. The predominent cause

for this behavior apparently lay in grain growth inhibition of the Fe in the

composite. Above the melting point of silver, the strength of the

composite decreased, but since the Fe phase was continuous in the

composite, did not fall to zero.

To review these observations on ductile composites, the addition

of increasing amounts of a softer phase does not appear to affect the

composite strength providing that the softer phase is capable of sufficient

work-hardening, and providing the two phases form interpenetrating

continuous skeletons. On the other hand, such additions notably increase

the brittle fracture resistance under conditions where the harder phase is

normally brittle.

5. Z Fiber Composites

The study of the fiber composite forms an interesting contrast to

the strong particle composite. For the case of the continuous filament

composite investigated here, matrix strengthening plays a relatively small

role until the fiber is ready to neck and fracture.

Continuous seven and nineteen filament close packed silver-steel

composites were prepared with controlled geometry, fiber spacing and

silver volume fraction. Specimens of silver content ranging from 66 to

87 vol. % were made by plating steel piano wire to a desired thickness, and

drawing and sintering the bundle. Individual filaments were removed from

finished samples to provide standards for the properties of the individual
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components.

Properties of the filamentary composites closely followed those

calculated from a mixture rule based upon the volume fraction and flow

stress of the individual components. However, the composites failed at

about double the elongations of the individual steel fibers, with a

comparable increase in fracture stress. In two cases, with closely

spaced filaments, composite necks were observed, in which the bundle

of wires necked as a single unit.

This interesting behavior resulted from the constraint

developed in the silver matrix to the necking of an individual fiber. The

increase in fracture stress is attributable to both the increased flow

stress resulting from uniform elongation beyond the normal point of

necking, and an increase in effective flow stress that results from the

development of a hydrostatic component of stress in the filaments.

Publications

H. R. Peihler, "The Interior Elastic Stress Field in a Continuous, Close-
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Tension", ASRL TR 132-I, June 1965.

P. N. Salyer, and J. W. O'Neil, "Effect of Tungsten Composition on the

Mechanical Properties of the W-Ni-Fe Heavy Alloy", ASRL TR

132-2, May 1964.

J. P. Kershaw, and L. A. Shepard, "The Operation of Brittle Fracture

Mechanisms in Ductile Metal Composites", ASRL TR 132-3,

December 1965.
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6.1 Temperature Dependence of Birefringence Effects in

Acrylonitrile Polymers

Personnel: R. Kimmel

Sponsor: Charles T. Main Laboratory

The birefringence studies of polyacrylonitrile previously

conducted have been extended to include measurements of the birefringence

changes during straining of samples at constant strain rate at various

temperatures. These experimental results have been interpreted in terms

of the hypothesis of hetero-bonded solid state structure previously

proposed. In this way, various orientetion states for the polymer have

been characterized, including a glassy state, two transition regions, a

high temperature state and necking and drawing regime. Polyacryloni-

trile shows quite different stress-strain-birefringence behavior during

drawing than polystyrene and polymethyl methacrylate. These experiments

have also led to a more detailed description of the stress and strain

dependence of the birefringence changes during temperature cycling.

Studies are continuing to elucidate the nature of these orientation

states by means of stress-strain-birefringence and retraction-birefringence

experiments on samples immersed in various liquids at different

temperatures.
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6.2 Cold Drawing of Solid Polymers

Personnel: D. Ender

Sponsor: Charles T. Main Laboratory

Cold-drawing studies on polymethyl methacrylate have been

continued. The influence of thermal pretreatment and of moisture regain

on the _'ates of deformation under constant load was measured. The

observation of the micro-deformation processes during and after cold

drawing required special methods, including phase contrast microscopy,

Schlieren methods _d metal surface coating before deformation. These

were adapted to the present problem. The observations indicate that the

principal mode of deformation is by shear bands.

Future work will emphasize the study of micro deformation modes

and the influence of polymer density changes before and during the tests

on creep rates.

6.3 Orientation Birefringence and Stress Birefringence Effects in

Solid Polymers

Personnel: T. J. Hammack

Sponsor: Charles T. Main Laboratory

A study is underway to determine the nature of the orientation

birefringence and stress b£refringence effects in solid polymers. Polymers

having a variety of chemical and physical structures are being investigated.

Birefringence effects are being studied in the glassy, semi-crystalline and

rubbery states, and during the glass transition and the crystalline melting

transition. The temperature range of study is from -200 to +ZS0°C, which

includes most of the important transitions of all the commonly used

polymers. Techniques of analysis have been developed which simplify

interpretation.

Current results have shown chain conformation changes in the

rubbery state, intermolecular bonding equilibrium in the rubbery and

glassy states, and have raised a number of questions concerning the

nature of the glassy solid state. A new experimental technique for the

study of optical creep and creep recovery has been developed during work

with polyvinyl chloride; new evidence for dipole bonding in this polymer has

been found by these studies.
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6.4 The Role of Internal Friction During Bending of Fiber

Assemblies

Personnel: P. Popper and A. Sid-Ahmed

Sponsor: Charles T. Main Laboratory

This investigation is directed towards a determination of how

fiber-to-fiber friction and fiber mobility in a fibrous structure affect

bending and unbending behavior. The classical theories for predicting

this behavior involve the assumption of either a negligible or infinite

interfiber frictional interaction, and the results based on these limiting

assumptions cover a wide range of possible behavior. Experimental and

analytical investigations of the intermediate cases of fractional interaction

have shown that the way in which fibers move relative to each other during

bending can have a strong effect on the manner in which the properties of

the individual fibers develop the properties of the fibrous structure.

Moreover, it was shown that the actual bending behavior and bending

recovery obtained for the cases of intermediate frictional interaction differ

both quantitatively and qualitatively from that of the limiting cases.

6. 5 Dynamics of Moving Filaments

Personnel: W. W. Anderson

Sponsor: Samuel Slater Laboratory

The dynamics of filaments and tapes moving at constant velocity

has been studied for two-dimensional and three-dimensional boundary

conditions. The equations of motion solved are linear and include effects

of tension, Coriolis' acceleration, relative longitudinal air motion,

centrifugal acceleration, relative lateral air motion, and gravity. The

solutions to these equations have been experimentally validated where

necessary.

The additional effects of longitudinal accelerations and dynamic

buckling have been studied. The effect of a surrounding matrix on these

additional motions has also been studied. A set of twenty distinguishing

parameters is included which are helpful in categorizing the above motions.
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6.6 On the Mechanics of Twist Insertion

Personnel: A. EI-Shiekh and P. Marzoli

Sponsor: Samuel Slater Memorial Laboratory

Theoretical analyses of the migration tendency of filaments in the

twist zone show the influence of fiber properties and of zone geometry.

Extensive experimental observations b_ve shown the validity of our

predictions of migration period and amplitude. The twisting program has

also included a study of twist development and propagation from the bobbin

to the nip rolls.

0.7 Mechanics of Blend Drafting of Fibers

Personnel: H. Plonsker

Sponsor: Samuel Slater Memorial Laboratory

Roller drafting is the primary method of attenuating strand-like

fiber assemblies to the proper dimensions required for the construction

of fabrics. This research program is directed towards understanding how

the properties of the fiber and those of the fiber assembly interact with the

drafting operation to effect the process. Previous research on the subject

has not emphasized this aspect of the study of the mechanics of drafting.

Visual observations have been made on the nature of the fiber's behavior

during drafting and the force required to cause the fibers to undergo

drafting have been measured as a function of the fiber and assembly

properties.

6.8 Storage and Retrieval of Information on Fibrous Materials

Personnel: Dr. A. McNamara, Dr. E. Valko, A. Alptekin, R. Sheldon

Sponsor: Charles T. Main and Samuel Slater Laboratories

The current rapid increase in publications on fibers, polymers,

and textile processing has emphasized the need for improved systems for

effectively organizing information in this field. A program is underway to

design, evaluate and develop a system for storage and retrieval of
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information on fibrous materials. It is intended that the proposed system

will pertain to either manual or computer handling of the information

involved. The first phase of the design, the development of a controlled

vocabulary via a fiber and textile thesaurus, has been completed. The

next stage of the project, the indexing of the document population has

commenced and the experiments which will be required to evaluate the

system are currently being planned.

6.9 Viscoelastic Stresses in Rolling Contact Problems

Personnel: F. Lynch

Sponsor: Samuel Slater Memorial Laboratory

This program involves the modification of a computational elastic

stress analysis method to handle a wide range of viscoelastic stress

analysis problems not yet solved. In particular, the method will be

applied to rolling contact problems in viscoelasticity which are too complex

for analytical solution and have not been previously treated numerically

with success. Experimental verification of the results by photovisco-

elasticity will be an integral part of the thesis.

6. I0 The Mechanics of Stuffer Box Crimping

Personnel: N. Kougouchi

Sponsor: Samuel Slater Memorial Laboratory

This study focusses on the local deformation which takes place

when single or multiple filaments emerge from a roll nip into the narrow

channel formed by the roll surfaces and then buckle on the built-up yarn

mass accumulated in the stuffing chamber.
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6. 11 The Structure and Strength of Blended Yarns

Personnel: C. Monego

Sponsor: Samuel Siater Memorial Laboratory

This study is concerned with the mechanical interaction between

blended components during the application of stress to twisted staple

structures. Propagation of rupture across the yarn is uf parLicular

interest when the blended composition is varied as to the ratio of high to

low modulus components.

6. 12 The Mechanics of False Twisting

Personnel: Y. Miyazaki

Sponsor: Samuel Siater Memorial Laboratory

Insertion of twist, heat setting, and untwisting on a continuous

basis comprise a common commercial method of yarn texturing. But

basic information is lacking as to the interactions between yarn geometry,

fiber properties, and process conditions of tension and/or overfeed. This

study attempts to deal with each phase of the process separately, taking

into account the geometry and forces of twist, the heat transfer, and the

rheological response of the fiber.

6. 13 Fiber Entanglement

Personnel: Dr. A. E1-Shiekh and N. Senturk

Sponsor: Samuel Siater Memorial Laboratory

The high slenderness ratio and low elastic modulus of commercial

textile fibers provide an invitation to buckling and entanglement during

processing and end use of fibers. This study focusses on identification of

the fiber properties, geometrical and rheological, which encourage or

resist entanglement.
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Storage and Retrieval, A Problem for the Textile Industry",

1965 Annual Meeting of the Textile Research Institute, Princeton,

New Jersey.

S. Backer, contributions to INTREX, Report of a Planning Conference,

Educational Functions of Intrex, 243-254, The MIT Press,

Cambridge, Massachusetts, 1965.

* Work conducted outside of MIT.
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D. H. Ender, R. D. Andrews, "Cold Drawing of Glassy Polystyrene under

Dead Load", J. Applied Phys. 36, 3057-3062, 1965.

R. D. Andrews, and R. M. Kimmel, "Birefringence Effects in

Acrylonitrile Polymers. I. Effects at Different Temperatures",

J. Applied Phys. 35, 3194-3Z0Z, November 1964.

R. D. Andrews, and R. M. Kimmel, "Solid State Structure and Glass

Transitions in Polyacrylonitrile: The Hetero-Bonded Solid State",

J. Polymer Sci. B3, 167-169, 1965.

M. _"_e 1 and R D. Andwews, B_rexrmgence Effects in

Acrylonitrile Polymers. II. The Nature of the 140°C

Transition", J. Applied Phys. 36, 3063-3071, October 1965.

R. D. Andrews, and T. J. Hammack, "Temperature Dependence of

Orientation Birefringence of Polymers in the Glassy and Rubbery

States", J. Polymer Sci. C5, 101-112, 1964.

T. J. Hammack and R. D. Andrews, "Temperature Dependence of

Orientation Birefringence of Polymers in the Glassy and Rubbery

States. IT, J. Applied Phys. 36, 3574-3581, November 1965.

R. D. Andrews, and T. J. Hammack, "The Theoretical Interpretation of

Dynamic Mechanical Loss Spectra and Transition Temperatures",

J. Polymer Sci. B__3, 655-657, 1965.

'R. D. Andrews, and T. J. Hammack, "The Moleuclar Mechanism of the

Mechanical Loss Peak in Ethylenic Polymers", J. Polymer Sci.

B3, 659-662, 1965.

R. D. Andrews, "The Nature of Time Effects in Solid Polymeric Systems",

Polymer Eng. and Sci. 5, 191-195, 1965.
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7.0 Shell Response Studies

Personnel

Professor T. H. H. Pian, Associate Professor, Aeronautics and

Astronautics

Professor E. A. Witmer, Associate Professor, Aeronautics and

Astronautics

H. A. Balmer, DSR Staff, Aeronautics and Astronautics

J. W. Leech, Research Assistant, Aeronautics and Astronautics

Sponsorship

Air Force Flight Dynmaics Laboratory, Research and Technology

Division, AF 33(615)-1943, DSR 5199

Research Report

Methods are being developed for predicting large elastic-plastic

dynamic and permanent deformations of simple two-dimensional and three-

dimensional structures under transient loadings.

The previously-developed and experimentally-verified predictions

for single-layer beams, rings, and axisymmetric deformations of flat

plates have been extended to treat unbonded concentric rings under

impulsive loading; comparisons of predictions with experiments on

explosively-loaded unbonded concentric rings show very good agreement.

A method for predicting large general three-dimensional elastic-

plastic dynamic responses of general shells has been specialized to

initially cylindrical panels. This analysis has been programmed and

rendered operational on the IBM 7094 computer. Comparisons of

predictions with experimental measurements of large dynamic elastic-

plastic and permanent deformations of explosively-loaded cylindrical

panels having either four sides fully clamped or three sides fully clamped

and one side free show remarkably good agreement.

Publications

H. A. Balmer and E. A. Witmer, "Theoretical-Experimental

Correlation of Large Dynamic and Permanent Deformations of

Impulsively-loaded Unbonded Concentric Rings", AFFDL-TR-65-143,

July 1965.

H. A. Balmer, "Improved Computer Programs--DEPROSS I, 2, and

3 -- To Calculate the Dynamic Elastic-Plastic Two-dimensional

Responses of Impulsively-loaded Beams, Rings, Plates, and
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Shells of Revolution", ASRL TR 128-3, August 1965.

E. A. Witmer, E. M. Clark, and H. A. Balmer, "Explosive-Induced

Large Dynamic and Permanent Deformations of Simple

Structures", SESA Spring Meeting, Denver, May 5-7, 1965.
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II. STRUC TURAL MATERIALS

Personnel

professor F. J. McGarry, Professor, Civil Engineering

professor R. C. Jones, Assistant Professor, Civil Engineering

professor F. Moavenzadeh, Assistant Professor, Civil Engineering

professor R. B. Williamson, Assistant Professor, Civil Engineering

professor A. E. Z. Wissa, Assistant Professor, Civil Engineering

Dr. P. J. Desio, Research Associate, Civil Engineering

R. E. Chambers, Research Engineer, Civil Engineering

p. Vilaseea, Research Engineer, Civil Engineering

A. J. O'Neill, Technical Instructor, Civil Engineering

J. E. Ashton, Teaching Assistant, Civil Engineering

S. E. Blouin, Research Assistant, Civil Engineering

A. B. Dominguez, Research Assistant, Civil Engineering

J. Hagstrom, Research Assistant, Civil Engineering

D. R. Heerwagen, Research Assistant, Civil Engineering

E. I. Isibor, Research Assistant, Civil Engineering

R. P. Johnson, Research Assistant, Civil Engineering

R. P. Lavoie, Research Assistant, Civil Engineering

F. V. Lawrence, Jr., Graduate Student, Civil Engineering

A. M. Lynn, Research Assistant, Civil Engineering

A. P. V. Macedo, Research Assistant, Civil Engineering

J. S. Marsh, Graduate Student, Civil Engineering

W. A. Maude, Graduate Student, Civil Engineering

C. R. Nelson, Teaching Assistant, Civil Engineering

J. Nemec, Jr., Research Assistant, Civil Engineering

R. C. Novak, Research Assistant, Civil Engineering

R. A. Smith, Graduate Student, Civil Engineering

R. R. Stander, Jr., Research Assistant, Civil Engineering

F. C. Stegeman, Research Assistant, Civil Engineering

J. B. Stubbings, Research Assistant, Civil Engineering

A. M. Willner, Research Assistant, Civil Engineering

N. H. M. Wilson, Graduate Student, Civil Engineering

Dr. Aria A. Velilla, Technical Assistant, Civil Engineering

J. A. Abrano, Northeastern University Cooperative Student,

Civil Engineering



284

W. H. Everett,NortheasternUniversityCooperativeStudent,
Civil Engineering

R. P. Kimball, NortheasternUniversityCooperativeStudent,
Civil Engineering

J. T. King, Technician,Civil Engineering
A. P. Rudolph,Machinist,Civil Engineering
J. E. White,Technician,Civil Engineering
R. E. Boyd,SeniorClerk, Civil Engineering
RosaliaH. Boullon,Secretary,Civil Engineering

DegreesGranted
J. P. Chen,S.M., Civil Engineering,June1964
A. M. Daouk,S.M., Civil Engineering,June1964
J. Hagstrom,S.M., Civil Engineering,June1965
R. A. Smith,S.M., Civil Engineering,September1965
F. C. Stegeman,S.M., Civil Engineering,September1965
J. B. Stubbings,S.M., Civil Engineering,June1965

Sponsorship

Listed under subheadings.
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1.0 MechanicalBehavior of Polymeric Materials

Personnel

Professors F. McGarry and R. Williamson; R. Novak, F.

and A. Willner

Stegeman

Sponsorship

Manufacturing Chemists' Association, DSR 9545

Massachusetts Department of Public W'orks and U.S. Bureau of

Public Roads, DSR 9326 and 603Z

Air Force Systems Engineering Group, Materials Laboratory,

AF B3(615)-2712, DSR 4969

Research Report

The purpose of this research is to explicitly relate the mechanical

behavior of natural and synthetic polymeric materials to their chemical

composition and physical state. Such substances are uniquely suitable for

this kind of study since their composition can be readily altered, chemi-

cally, and by operating in various temperature-time domains, they can be

rendered physically glassy, crystalline, amorphous, leathery and rubbery.

By filling with different inert particles or fibers, the behavior of composite

or reinforced materials can be studied also, with obvious relevance to

concrete, asphalt, and more conventional structural materials.

The methods of study which are applied to polymers seek to estab-

lish anallc-tical relationships between stress, strain, time and temperature

within the context noted above. Creep, stress relaxation, static fatigue or

delayed fracture, impact, cyclic fatigue, deformation at controlled and

constant strain rates and stress optical or birefringence measurements

are among the many experimental techniques employed; in a number of

instances new methodology has been evolved which has proven useful with

metals, ceramics, glasses and wood. By so determining the fundamental

characteristics of mechanical behavior and interpreting these characteris-

tics in terms of the physical and chemical parameters of the material, the

structure-property interactions can be established on a molecular scale.

It then becomes possible to rationally formulate new materials with desired

properties rather than searching for them empirically.

Another aspect of the research is of equal importance; its

applicability to engineering design. For example, the theoretical elements

and fundamentals of viscoelasticity and rheology of time-dependent and

large-deformation flow of materials are established but the conversion of
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this theory to engineering practice is not well advanced. Yet innumerable

examples of where it could be usefully applied in civil engineering design

are evident; the entire field of highway and airport pavement analysis is

one case in point. Such pavements are multi-layered beams on quasi-

elastic foundations, with each layer possessing a different set of time and

temperature sensitive parameters. To date, the result of this complexity

has been resort to empirical methods of design, producing either unsatis-

factory or uneconomical systems.

In summary, the research in polymeric materials creates new

understanding of the sources of mechanical properties and greater skill

in the engineering utilization of such properties.

Related Academic Subjects

1.02

1.42

1.451

I. 471

1.473

Engineering Materials

Structural Materials

Mechanics of Layered Systems

Mechanical Behavior of Plastics

Viscoelasticity

Publications

F. J. McGarry, "Composite Structural Materials," Publication P65-04,

Civil Engineering, MIT, May 1965.

F. C. Stegeman and F. J. McG_rry, "Relationships Between Resin

Fracture and Composite Properties - Crack Propagation Behavior

of Thermoset Resins Containing Polyethylene Microparticles,"

Progress Report submitted to Systems Engineering Group, Air

Force Systems Command, September 30, 1965.

L. J. Broutman and F. J. McGarry, "Fracture Surface Work Measurements

on Glassy Polymers by a Cleavage Technique, I and If, " Journal

of Applied Polymer Science 9, 589, 609, February 1965.

F. J. McGarry, "Composite Structural Materials," Proceedings of Spring

Meeting, Society for Experimental Stress Analysis, Denver,

Colorado, May 5-7, 1965.
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2.0 Mechanical Behavior of Portland Cement Concrete

personnel

Professors F. Moavenzadeh, R. Williamson and A. Wissa; J. Nemec,

A. Macedo and A. O'Neill

Sponsorship

Massachusetts Department of Public Works, DSR 9547

Agency for international Development, inter-American Program

in Civil Engineering, AID/la-ll8, DSR 9865

Dow Chemical Company, DSR 9561

Research Report

Research directed toward the improvement of the durability and

the mechanical properties of portland cement concrete, in three areas:

2. 1 Development of suitable techniques for investigating the micro-

structure of hydrated portland cement pastes and aggregates. This

requires the development of polishing and etching procedures so that

relatively low power (1500X) microscopes can be used to study the various

parameters affecting the strength and durability of the concrete. A par-

ticularly interesting need for these techniques arises when we are trying

to ascertain what effect various organic additives play in improving the

quality of portland cement concrete. Besides the chemical effects we also

are interested in determining where the additives are located in the mix

matrix.

2.2 A much higher magnification (20,000X) investigation of the mor-

phology of hardened cement paste by means of electron microscopy is being

pursued. In this, we use replica techniques on freshly fractured surfaces,

not only to study the fractured surfaces themselves but also to provide

further information about the morphology of the hardened paste.

2. 3 Careful study of the mechanics of crack propagation and fracture

in portland cement concrete. If the origins and causes of failure can be

more explicitly identified and understood, in terms of the microstructure

of the material, then it may become possible to basically improve the

strength of the composite. This is of special interest during rapid loading

conditions, simulating the service encountered during earth tremors or

quakes, for example, and new techniques for d3_namic strength measure-

ments are now being developed.
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Related Academic Subjects

i. 42 Structural Materials

t. 452 Design and Behavior of Pavement Systems

1.46 Concrete and Cementitious Materials

1. 472 Composite Materials

Publications

None
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3.0 Mechanical Behavior of Asphalt and Bituminous Concrete

Personnel

Professors F. Moavenzadeh, A. Wissa and F. McGarry; Dr. P. Desio;

R. Chambers, J. Nemec, J. Hagstrom, J. Stubbings, S. Blouin,

J. Marsh and R. Stander

Sponsorship

Massachusetts Department oi- PubLic Works and U.S. Bureau

of Public Roads, DSR 9326 and 6032

Research Report

3. 1 A study of the mechanical behavior of bitumen-aggregate-

composite systems. This investigates how viscosity-temperature

relationships influence densification of the composite material, how the

viscoelastic and rheological properties of the bitumen are modified by

aggregate content and conditions of external loading and how the mechanics

of the fracture process change over a broad time spectrum from milli-

seconds to thousands of hours.

3.2 Research on the fundamental parameters controlling the adhesion

of asphalt to a variety of particulate and fibrous aggregates. For the com-

bined mechanical action to obtain in such composites, it is necessary to

achieve thorough wetting and bonding of the components and to maintain it

while the composite is exposed to thermal, moisture and stress cycles.

3.3 Methods of basically altering the mechanical properties of the

bituminous phase by physical and chemical methods. These range from

simple addition of synthetic polymers such as epoxies to nuclear magnetic

resonance studies to identify those parts of the molecular structure

responding to external disturbances; by manipulating such structural

segments, significant property improvements appear possible.

3.4 Theoretical and experimental studies of both macro and micro

stress distributions in such composites. On the macro scale, this will

permit a more rational design process in the case of multi-layered pave-

ment structures and other engineering applications; on the micro scale,

the interactions between and within phases can be better understood and

controlled.
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Related Academic Subjects

I. 451 Mechanics of Layered Systems

i. 452 Design and Behavior of Pavement Systems

I. 472 Composite Materials

i. 473 Viscoelasticity

Publications

J. Hagstrom, R. E. Chambers, and E. Tons, "Low Modulus Pavement

on Elastic Foundation, " Proceedings 44th Annual Meeting of

Highway Research Board, Washington, January 1965.

E. Tons, R. E. Chambers, and M. A. Kamin, "Layered Pavement Design

Method for Massachusetts, " Proceedings 44th Annual Meeting of

Highway Research Board, Washington, January 1965.

R. C. Swanson, J. Nemec, Jr., and E. Tons, "Effect of Asphalt Viscosity

on Compaction of Bituminous Concrete," Proceedings 44th Annual

Meeting of Highway Research Board, Washington, January 1965.

J. J. Bikerman and J. P. Chen, "Effect of Water on Asphalt-Rock

Adhesive Joints," Publication R65-08, Civil Engineering, MIT,

March 1965.

J. Hagstrom and R. E. Chambers, "The Influence of Support Conditions

on the Behavior of Elastic Plates," Publication R65-I0, Civil

Engineering, MIT, May 1965.

J. E. Ashton, "Deflection Curve for an Infinite Plate on a Non-Linear

Elastic (Winkler) Base," Publication R65-35, Civil Engineering,

MIT, August 1965.

A.E.Z. Wissa, "Preliminary Investigation of the Mechanical Behavior

of Idealized Aggregate -Asphalt C omposites, " Publication R65 -4 I,

Civil Engineering, MIT, September 1965.

p. J. Desio, "Further Tests of Asphalt-Stone Adhesion and Its Water

Sensitivity," Publication R65-49, Civil Engineering, MIT,

September 1965.

R. P. Lavoie, "The Tensile Behavior of a Bituminous Concrete Model,"

Publication R65-50, Civil Engineering, MIT, September 1965.

J. Hagstrom, "Further Studies of Mass Viscosity by a Modified Stress

Relaxation Method," Publication R65-51, Civil Engineering,

MIT, September 1965.

R. P. Lavoie, "Selective Literature Survey - Response of Pavement

Subgrades," Publication R65-52, Civil Engineering, MIT,

September 1965.
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F. J. McGarry, "Physical Research on Flexible Pavement Materials and

Construction Methods, " Publication R65-56, Civil Engineering,

MIT, October 25, 1965.

F. Moavenzadeh, "Effect of Aging of Asphalt on Its Rheological

Properties, " Proceedings American Society for Testing and

Materials, 1965 (with R. R. Stander, Jr. ).

F. Moavenzadeh and A. Sendze, "Effect of Degree of Aging on Creep

and Relaxation Behavior of Sand-Asphalt Mixtures, " Highway

Research Record No. 101, !965.
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4.0 Mechanical Behavior of Reinforced Structural Composites

Personnel

Professor F. McGarry; A. Willner, R. Novak

Sponsorship

Air Force Systems Engineering Group, Materials Laboratory,

AF 33(615)-Z712, DSR 4969

Research Report

The purpose of this research is to study components and designs

useful in composite systems for structural applications. Such include:

i. Behavior of adhesives and the principles underlying adhesive

action.

2. Fibrous materials useful for reinforcement purposes.

3. Stress analysis of microscopic, laminar and multi-component

systems under external loadings.

4. Experimental analysis of failure mechanisms on a micro scale

in fibrous reinforced composites.

Related Academic Subjects

I. 42 Structural Materials

I. 472 Composite Materials

Publications

F. C. Stegeman and F. J. McGarry, "Relationships Between Resin

Fracture and Composite Properties - Crack Propagation Behavior

of Thermoset Resins Containing Polyethylene Microparticles, "

Progress Report submitted to Systems Engineering Group, Air

Force Systems Command, September 30, 1965.

L. J. Broutman and F. J. McGarry, "Fracture Surface Work Measure-

ments on Glassy Polymers by a Cleavage Technique, I and II, "

Journal of Applied Polymer Science 9, 589, 609, February 1965.

F. J. McGarry, "Composite Structural Materials," Proceedings of Spring

Meeting, Society for Experimental Stress Analysis, Denver,

Colorado, May 5-7, 1965.
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5.0 Structural Metals

Personnel

Professors R. Jones and R. Williamson; P. Vilaseca, F. Lawrence,

D. Heerwagen, W. Maude and R. Smith

Sponsorship

Agency for International Development, Inter-American Program in

Civil Engineering, _lu/__ _-_o,..... DSR 9865

Advanced Research Projects Agency, SD-90, DSR 8898

Research Report

I. Cyclic loading study: Investigation of bulk material effects

of cyclic loading on metals.

2. Loading rate study: Effect of loading rate on deformation

mechanisms in single crystals of alpha iron.

3. Crystal growing: Development of techniques and apparatus

for growth of alpha iron single crystals by a strain-anneal procedure.

Related Academic Subjects

1.40 Introduction to Electron Microscopy

1.41 Strength of Structural Materials

1.42 Structural Materials

Publications

G. Joseph and A. Varschavsky, "Formation of Substructure in Metals

through Fatigue - Fatigue in Polycrystalline Copper,"

Publication R65-21, Civil Engineering, MIT, June 1965.

G. Joseph and R. Jones, "Bulk Fatigue Effects in Polycrystalline Copper

and Single Crystal Molybdenum, " Publication R65-53, Civil

Engineering, MIT, October 1965.
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6. 0 Brittle Fracture in Rock

Personnel

Professors F. Moavenzadeh, R. Williamson, A. Wissa, and F. McGarry;

E. Isibor, A. Lynn, A. Macedo, C. Nelson, and N. Wilson

Sponsorship

U.S. Department of Commerce, Northeast Corridor Transportation

Project, C-85-65, DSR 6103

Agency for International Development, Inter-American Program in

Civil Engineering, AID/la-ll8, DSR 9865

Research Report

Study of the fracture surface work characteristics of natural rocks

such as marble, granite, gneiss and schist, and portland cement concrete.

The purpose is to find physical and chemical actions by which the energy

necessary to drive a crack through such materials is drastically reduced.

Also included are fractographic analyses and microstructural details of

crack propagation behavior.

Related Academic Subjects

i. 41 Strength of Structural Materials

I. 46 Concrete and Cementitious Materials

Publications

None



D
SECTION D - MATERIALS ENGINEERING

7.0 Mechanics of Materials

Personnel

professor F. Moavenzadeh; J. Ashton, A. Dominguez and C. Nelson

Sponsorship

Massachusetts Department of Public Works and U.S. Bureau of

Public Roads, DSR 9326 and 603Z

Civil Engineering, AID/la-llS, DSR 9865

U.S. Department of Commerce, Northeast Corridor Transportation

Project, C-85-65, DSR 6103

Research Project

Development of methods to analyze the behavior of structural

elements and systems composed of materials exhibiting time-dependent

mechanical characteristics. Particular emphasis upon development of

new techniques applicable to linear viscoelastic systems.

Related Academic Subjects

1. 451 Mechanics of Layered Systems

1. 452 Design and Behavior of Pavement Systems

1.471 Mechanical Behavior of Plastics

1. 473 Viscoelasticity

Publications

J. Hagstrom and R. Chambers, "The Influence of Support Conditions

on the Behavior of Elastic Plates, " Publication R65-I0, Civil

Engineering, MIT, May 1965.

J. E. Ashton, "Deflection Curve for an Infinite Plate on a Non-Linear

Elastic (Winkler) Base, " Publication R65-35, Civil Engineering,

MIT, August 1965.

295
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III. SURFACE PROPERTIES AND BEHAVIOR OF MATERIALS

SURFACE LABORATORY, DEPARTMENT OF MECHANICAL ENGINEERING

Personnel

Professor B. G. Rightmire, Professor, Mechanical Engineering

Professor E. Rabinowicz, Associate Professor, Mechanical Engineering

Professor G. S. Reichenbach, Associate Professor, Mechanical

Engineering

Professor P. Gould, Assistant Professor, Mechanical Engineering

A. D. Chitaley, Research Assistant, Mechanical Engineering

S. Malkin, Research Assistant, Mechanical Engineering

A. Pogeler, Research Assistant, Mechanical Engineering

R. Rabinow, Research Assistant, Mechanical Engineering

B. S. Shiralkar, Research Assistant, Mechanical Engineering

W. D. Syniuta, Research Assistant, Mechanical Engineering

D. Umstead, Research Assistant, Mechanical Engineering

Rose Messoumian, Secretary, Mechanical Engineering

Degrees Granted

R. R. Donaldson, Ph.D., September 1965

p. Gould, Sc.D., September 1965

H. Lakhani, S.M., February 1965

S. Malkin, S.M., February 1965

V. S. Santos, S.M., February 1965

J. H. Lorotte, S.M., June 1965

A. Rewri, S.M., June 1965

P. N. Storey, S.M., June 1965

J. Greene, S.M., February 1966

A. R. Pogeler, S.B., June 1965

Sponsorship

Listed under subheadings.
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a

1.0 Behavior Under Mechanical Stress

of Adsorbed Layers on Tungsten Wire

Personnel

Professor B. G. Rightmire

Sponsorship

Unsponsored

Research Report

Any experiment on the ability of a monolayer to protect the

substrate material from sliding damage is of basic interest in the field

of lubrication. In this connection a study of tungsten sliding on tungsten

should be fruitful, for the following reason. From the literature it seems

likely that a chemisorbed layer of oxygen atoms forms in a few micro-

seconds on tungsten cleaned under normal conditions, and that the reaction

stops at this stage. If this is the case one may expect two such coated sur-

faces sliding together to exhibit a moderate friction coefficient and low

wear, since the interracial forces ideally will be entirely physical, whereas

the O-W and the W-W chemical bonds are extremely strong.

Experiments on hard-drawn tungsten wires bear out this expec-

tation, the friction coefficient approximating 0. 5 and the wear being

negligible, under a normal stress on the order of 104 atm. Electrical

contact resistance measurements indicate the thickness of the lubricating

film to be that of two oxygen layers (one on each wire}.

Experiments on water vapor physically adsorbed to the oxygen

layer show that, for the test conditions, the water molecules are stably

held only on the more lightly stressed parts of the true contact area.

The apparatus is being improved to cover ranges from -160°C to

400°C and from i0 -9 tort to atmospheric pressure. Study will be made not

only of the conditions under which the chemisorbed oxygen layers break

down, but also of equilibrium and non-equilibrium behavior of various

vapors and permanent gases physically adsorbed onto the oxygen layer.

Publications

B. G. Rightmire, "Behavior Under Mechanical Stress of Adsorbed Layers

on Tungsten Wire," to be submitted for publication. Preprints

available from author or from Industrial Liaison Office, MIT.
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2. 0 High Temperature Friction

Personnel

Professor E. Rabinowicz, V. Santos, S. Rewri, A. D. Chitaley

Sponsorship

Air Force Materials Laboratory, AF 33{615)-1151, DSR 5052

Research Report

Friction tests are being carried out at temperatures to 3000°F,

using various metals and ceramics. In the past year, attention has been

focused on metals. With copper, the friction drops rather abruptly at

around 200°C, the exact temperature depending somewhat on the sliding

speed. Calculations suggest that the friction drop corresponds to a copper

oxide thickness of about 10 -6 cm. Other experiments have been carried

out with copper-lead composites. These give low friction, from room

temperature up to the melting temperature of lead, but only if the lead

content is above 10% by weight, and a model may be derived which shows

that a lead layer of thickness 3 x 10 -6 cm may be formed. These results

are in general agreement among themselves, and seem to agree with pub-

lished data in the literature.

Publications

E. Rabinowicz and V. S. Santos, "Friction and Wear at Elevated

Temperatures, " Technical Documentary Report No. WADC

TR-59-603, Part VI, April 1965.
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3.0 Surface Energy Effects in Sliding Phenomena

Personnel

professor E. Rabinowicz, B. Shiralker, H. Lakhani, A. R. Pogeler

Sponsorship

Army Research Office (Durham) DA-31-124-ARO(D)-I43, DSR 9889

Research Report

Two different effects were studied in the past year.

a) In a study of the effect of surface roughness on friction of

clean metals, it was found that the smoothest surfaces gave the highest

friction, as anticipated, and that the friction dropped as the surface

roughness increased. However, other complicating factors were also

encountered.

b) In a study of the wear of lightly loaded metals, it was found

that noble metals give no wear at loads below a few grams, while oxide-

producing metals do wear at very light loads via the formation of oxide

particles. These studies are being extended to the measurement of the

electrical resistance of lightly loaded sliding metals.

Publications

E. Rabinowicz, "Surface Energy Approach to Frictlon and Wear,"

Product Engineering 3_6,No. 6, 95-99, March 15, 1965.

E. Rabinowicz and A. Mutis, "Effect of Abrasive Particle Size on

Wear," Wear 8, 381-390, 1965.
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4.0 The Mechanism of Polishing

Personnel

professor E. Rabinowicz

Sponsorship

Sloan Basic Research Fund

Research Report

Polishing tests are being run on a number of metals and alloys,

covering a wide range of hardness and using abrasive powders covering a

wide range of sizes. Preliminary tests suggest that as the abrasive size

is decreased, there is a rather abrupt change from abrasive wear with a

large wear rate, to polishing wear with a much smaller wear rate. Attempts

are being made to derive theoretical expressions for the two wear rates,

and for the critical abrasive grain size which brings about the transition

from one form of wear to the other.
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5.0 Fundamental Bearing and Seal Research

Personnel

Professor G. S. Reichenbach, W. Syniuta, R. Rabinow, and D. Umstead

Sponsorship

Pratt and Whitney Division of United Aircraft, DSR 609Z

Research Report

a) Rolling Contact Fatigue - Using replication techniques, studies

have been made of the initiation and growth of surface micro-cracks with

several alloy steels on specimens stressed in a rolling contact four ball

test. Similar studies were also made of full scale jet engine bearings.

b) Fatigue of Hardened Steels - The techniques used in studying

rolling contact fatigue are now being adopted to the study of bending and

torsion fatigue of hard steels. Initial tests on simple bending and torsion

did not show any surface micro-cracks. It is speculated that the absence

of the high triaxial compressive stress present in rolling contact prevents

the formation of stable microcracks in these tests. A tester was designed

and built which will permit testing under combined compression and

tots ion.

Publication

G. S. Reichenbach and W. D. Syniuta, "An Electron Microscope Study

of Rolling Contact Fatigue," ASLE Transactions _8,No. 3, p. Z17,

July 1965.
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IV. SURFACE PROPERTIES AND PROCESSES

Pcrsonnel

Professor R. E. Stickney, Assistant Professor, Mechanical Engineering

professor E. N. Carabateas, Assistant Professor, Mechanical

Engineering (Absent)

M. L Shaw, D_R Staff_ Research l,ahoratory of Elor_ronics

J. G. Bergman, DSR Staff, Research Laboratory of Electronics

J. L. COLLins, Research Assistant, Mechanical Engineering

J. W. Gadzuk, Research Assistant, Mechanical Engineering

R. L. Logan, Research Assistant, Mechanical Engineering

D. L. Fehrs, Research Assistant, Mechanical Engineering

W. Engelmaier, Research Assistant, Mechanical Engineering

P. B. Sun, Research Assistant, Mechanical Engineering

E. D. Ward, Graduate Student, Mechanical Engineering

E. Berkman, Graduate Student, Mechanical Engineering

D. Shupe, Graduate Student, Mechanical Engineering

L. Sprague, Project Technician, Research Laboratory of Electronics

R. S. Hurvitz, Secretary, Mechanical Engineering

Degrees Granted

J. L. COLLins, Ph.D., June 1965

P. B. Sun, S.M., June 1965

E. F. Berkman, S.M., June 1965

J. W. Gadzuk, S.M., January 1965

E. D. Ward, S.M., September 1965

Sponsorship

Research Laboratory of Electronics supported in part by the Joint

Services Electronics program under Contract DA36-039-AMC-03200(E);

and in part by the U.S. Air Force (Aeronautical Systems Division) under

Contract AF 33(615)-1083 with the Air Force Aero Propulsion Laboratory,

Wright-Patterson Air Force Base, Ohio; and in part by National Aeronautics

and Space Administration, Grant No. NGR-22-G09-091, Lewis Research

Center, Cleveland, Ohio.
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I. 0 SurfaceProperties of Thermionic Electrodes

Personnel

R. E. Stickney, J. W. Gadzuk, D. L. Fehrs, W. Engelmaier,

J. G. Bergman, J. L. Coggins

Sponsorship

Research Laboratory of Electronics supported in part by the Joint

Services Electronics program under Contract DA36-039-AMC-03200(E);

and in part by the U.S. Air Force (Aeronautical Systems Division) under

Contract AF 33(615)-I083 with the Air Force Aero Propulsion Laboratory,

Wright-Patterson Air Force Base, Ohio; and in part by NASA, Grant No.

NGR-Z2-009-091, Lewis Research Center, Cleveland, Ohio.

Research Report

The general objective of this program is to determine the surface

properties of electrodes which are particularly relevant to thermionic

energy conversion. A more specific objective is to obtain both experimen-

tal and analytical data on the dependence of work function on cesium cover-

age, surface contamination, and substrate properties (e.g., bare work

function, crystallographic structure, and temperature).

An experimental investigation of the effect of cesium on the work

function of a single-crystal tungsten filament was completed by J. L.

Coggins. The results illustrate the importance of the bare work function

and crystallographic structure on the thermionic properties of cesium-

covered surfaces.

J. W. Gadzuk extended his analytical treatments of the adsorption

of alkali metal atoms on metallic surfaces. The adsorption bond was con-

sidered in detail using quantum mechanics.

A new apparatus for studying the work function changes caused by

the adsorption of different alkali metal atoms on metallic surfaces was

further developed by D. L. Fehrs. This apparatus combines the molecular

beam technique for depositing the adsorbate with the retarding potential

method of determining work function changes. Preliminary measurements

were completed for cesium on tantalum.

W. Engelmaier and J. G. Bergman have constructed experimental

diodes for investigating the thermionic and adsorptive properties of tungsten

filaments in the presence of oxygen and fluorine gases. This work is mo-

tivated by the fact that certain additives, such as oxygen and fluorine, may
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provide a convenient means for improving the electrode properties of

thermionic energy converters.

Theses

J. W. Gadzuk, "Adsorption Physics of Alkali Metal V_pors on Metal

Surfaces: Cesium-Tungsten," S.M., January 1965.

J. L. Coggins, "Thermionic Emission from a Tungsten Monocrystal in

Cesium Vapor," Ph.D., June 1965.

Publications

J. W. Gadzuk and E. N. Carabateas, "Penetration of an Ion through a

Monolayer of Similar Ions Adsorbed on a Metal, " J. Appl.

Phys. 36, 357 (1965).

J. L. Coggins and R. E. Stickney, "Thermionic Characteristics of the

(110) and (112) Directions of Tungsten in Cesium Vapor, " Report

on the 25th Annual Conference on Physical Electronics, 67 (1965).

J. W. Gadzuk, "The Bonding Mechanisms of Alkali Metal Atoms Adsorbed

on Metal Surfaces," Report on the 25th Annual Conference on

Physical Electronics, 93 (1965).
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Z.0 Interaction of Gas Molecules and Photons with Solid Surfaces

Personnel

R. E. Stickney, P. B. Sun, M. L. Shaw, R. L. Logan, E. F. Berkrnan,

D. S. Shupe, and E. D. Ward

Sponsorship

Research Laboratory of Electronics by the Joint Services Program under

Contract DA36-039-AMC-03200(E).

Research Report

The over-all purpose of this research program is to study the

interaction of gas molecules and photons with solid surfaces. During the

past year we have been concerned with the following problems.

Z. i Collisions of Gas Molecules with Solid Surfaces

R. L. Logan has developed a simple classical model which suc-

cessfully describes the general features of the scattering of gas molecules

from solid surfaces. Qualitative agreement with existing experimental

data is obtained for the dependence of the scattering pattern on the angle

of incidence of the gas molecules, the gas-surface temperature ratio, and

the gas-surface mass ratio. J. W. Gadzukhas completed the preliminary

steps of analyzing the same problem using quantum mechanics in place of

classical mechanics. E. F. Berkman employed an analog computer ina

study of energy transfer in gas-surface interactions.

Z. 2 Photo-induced Thermionic Emission

Experimental data have been obtained by P. B. Sun for the effect

of thermal and ultraviolet radiation on the electron emission from a tung-

sten cathode. At high cathode temperatures, the increase in thermionic

emission produced by ultraviolet radiation is much larger than the photo-

electric emission. The resul{s may be explained by a simple expression

derived from the Richardson equation for thermionic emission. It appears

that this effect may provide a convenient means of measuring radiation

intensities and spectral emissitivities on a relative basis.

Z. 3 Catalysis

E. D. Ward and D. S. Shupe have constructed an ultra-high

vacuum system for studying chemical reactions at solid surfaces. A
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preliminary experiment has been completed and we are now proceeding

to investigate ammonia catalysis on iron.

Theses

P. B. Sun, "Dependence of Photoemission from Tungsten on Surface

Temperature and Radiation Frequency, " S.M. , June 1965.

E. F. Berkman, "A Parametric Study of the Energy Accommodation

Coefficient for Gas-Surface Interactions, " S.M. , June 1965.

E. D. Ward, "A Mass Spectrometer Study of Active Gas iteactions in

a High Vacuum System," S.M., September 1965.

Publications

R. E. Stickney, "Qualitative Considerations of Energy Accommodation

for Clean Surfaces and Adsorbed Monolayers, " Rarefield Gas

Dynamics (Proceedings of the 4th International Symposium}

J. H. deLeeuw (editor), Academic Press.

R. M. Logan and R. E. Stickney, "Simple Classical Model for the

Scattering of Gas Atoms from a Solid Surface," J. Chem.

Phys. 44, 195 (1966}.

R. E. Stickney, P. B. Sun, and M. L. Shaw, "Effect of Thermal and

Ultraviolet Radiation on Thermionic Emission from Tungsten, "

to be published in J. Appl. Phys. , May 1966.
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V° CRYOGENIC ENGINEERING LABORATORY

Personnel

Professor J. L. Smith, Jr., Assistant Professor, Mechanical Engineering

Dr. J. Gerstmann, Research Associate, Mechanical Engineering

R. P. Cavileer, DSR Staff, Mechanical Engineering

D. W. Ahngren, Research Assistant, Mechanical _-,mgineering

R. D. Cummings, Research Assistant, Mechanical Engineering

D. E. Daney, Research Assistant, Mechanical Engineering

A. P. M. Glassford, Research Assistant, Mechanical Engineering

K. Koenig, Research Assistant, Mechanical Engineering

E. B. Qvale, Research Assistant, Mechanical Engineering

S. N. Rea, Research Assistant, Mechanical Engineering

G. D. Van Arsdale, Research Assistant, Mechanical Engineering

D. F. Aitken, Technician, Mechanical Engineering

K. H. Benner, Technician, Mechanical Engineering

J. O'Callagban, Technician, Mechanical Engineering

W. F. Welch, Technician, Mechanical Engineering

Rachel P. Levin, Secretary, Mechanical Engineering

Degrees Granted

D. E. Daney, Ph.D., June 1965

A. P. M. Glassford, Sc.D., February 1965

A. L. McKenney, M.S., June 1965

Sponsorship

Partly self-supporting, DSR 6589

Air Force, Electronic Systems Division, Air Force Systems Command,

AF 19(6Z8)-497Z, DSR4549

Lincoln Laboratory, AF 19(6Z8)-5167, P. O. No. CC 55Z, DSR 5155

Researqh Report

The following research projects were completed: measurement of

thermodynamic properties of helium, initial evaluation of an ice

calorimeter, heat transfer to boiling liquid helium, and the influence of

pressure cycling on the performance of thermal regenerators.

Current activities in the Laboratory include: design and construc-

tion of a new cycle for the laboratory nitrogen liquefier, evaluation of
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metal bellows for cryogenic expansion engines, measurement of heat

transfer in cycles of the Stirling type.

In the last year, the Cryogenic Engineering Laboratory has

supplied approximately 60,000 liters of liquid helium to the Institute

Community.

Theses

A. P. M. Glassford, "Thermodynamic Properties of Helium at Low

Temperatures and Moderate Pressures"

D. E. Daney, "An Examination of the Ice Calorimeter as an Instrument to

Measure the Enghalpy of Steam"

A. L. McKenney, "Design of a Liquid Nitrogen Plant"

Publications

"Some Aspects of the Selection of Regenerators with an Illustrative

Application to an Idealized Gifford-McMahon Cycle",

Cryogenics, in press.
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VI. CHEMICAL ENGINEERING OF MATERIALS

1.0 Polymeric Materials

1. 1 Properties of Polycation - Polyanion Complexes

Personnel

Professor A. S. Michaels, Professor, Chemical Engineering

Professor A. S. Hoffman, Associate Professor (Visiting} Chemical

Engineering

Professor R. W. Hausslein, Assistant Professor, Chemical

Engineering

C. Gray, NSF Fellow, Chemical Engineering

D. Opp, Graduate Student, Chemical Engineering

T. Molina, Research Assistant, Chemical Engineering

R. Lewis, Research Assistant, Chemical Engineering

L. Gasher, Research Assistant, Chemical Engineering

R. Mayer, Research Assistant, Chemical Engineering

Degrees Granted

C. Gray, Doctor of Science, September 1965

D. Opp, Materials Engineer, June 1965

Sponsorship

National Institutes of Health, GM 08288-05, DSR 5146, 4936

Research Report

A thesis study has recently been completed by C. Gray in which

the swelling in salt solution and water vapor sorption characteristics of

a polysalt material were studied and correlated with its stress relaxation

behavior in humid air. The polysalt studied is the stoiciometric reaction

product of poly{vinal benzyl trimethyl ammonium chloride} and poly {sodium

styrene sulfonate}. The results of swelling in electrolyte solutions as

NaBr suggest that the microanions {C1, Br-} site-bind to quaternary sites on

the polymer, forming clusters which behave as a separate phase, leaving

the microcations coulombically associated with the sulfonate ions. The

stress relaxation results indicate that the water sorbed by increasing

humidity 19 moles/equivalent at saturation of which 6 moles may be bound
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as water of hydration) is three to four times as effective in accelerating

stress relaxation as water sorbed by increasing the NaBr content of the

polysalt at constant humidity.

In a separate study by D. Opp, the dielectric properties of non-

stoiciometric polysalts were investigated. These materials all exhibited

high dielectric constants and loss factors and very broad dispersion. The

data appear to support the picture of the microstructure as a mixture of

discrete domains of high charge density imbedded in an essentially

electrically neutral matrix.

Work on the mechanical properties of polysalts is continuing;

creep and stress relaxation are being studied on polysalt films immersed

in aqueous electrolyte solutions.

Theses

C. A. Gray, "The Mechanical Properties of Polyelectrolyte Complexes",

Sc.D. Thesis, September 1965

D. A. Opp, "The Dielectric Properties of Non-Stoiciometric Poly-

electrolyte Complexes", Materials Engineer Thesis, May 1965

Publications

A. S. Michaels, C. A. Gray, A. S. Hoffman, "The Sorption and

Swelling Behavior of Polyelectrolyte Complexes", to be delivered

at the ACS meeting, Pittsburgh, March 1966.

i. 2 Polymer Characterization

Personnel

Professor A. S. Michaels, Professor, Chemical Engineering

Professor A. S. Hoffman, Associate Professor (Visiting) Chemical

Engineering

R. Traskos, Research Assistant, Chemical Engineering

M. Gogenini, Research Assistant, Chemical Engineering

J. Makhdumi, Research Assistant, Chemical Engineering

M. Romney, Undergraduate Student, Chemical Engineering

Sponsorship

National Science Foundation, GP 2781, DSR 5160
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Research Report

A study of the column fractionation of a branched polyethylene is

being completed at the present time. After deposition of the polymer in a

sand-packed bed, it was noted that the polymer had precipitated as small

granules in the sand interstices. Upon elution with solvent mixtures of

increasing solvent power, fractions were collected which range in

molecular weight from about 17, 000 to 7, 000, 000, based on light

scattering measurements. This represents a very high degree of

fractionation since the whole polymer used had an average molecular

weight of ca. 300,000. Osmometric molecular weights are being

evaluated on the fractions to determine the breadth of distribution within

each fraction. Results indicate ratios of Mw/M N between 2-3 for the

fractions, while that of the whole polymer is ca. 15. A comparison of

this column fractionation with the gel permeation technique is planned.

1. 3 Transport of Gases and Vapors in Glassy polymers

Personnel

Professor w. R. Vieth. Assistant Professor, Chemical Engineering

P. M. Tam, Research Assistant, Chemical Engineering

E. Matulevicius, Research Assistant, Chemical Engineering

J. Rionda, Research Assistant, Chemical Engineering

C. Frangoulis, Research Assistant, Chemical Engineering

Degrees Granted

P. M. Tam, S.M.

Sponsorship

National Science Foundation, GP-707, DSR 9414

Research Report

A study of gas transmission in glassy amorphous polymers,

polyethylene terephthalate and polystyrene, in oriented and semi-

crystalline form is in progress and a comprehensive model for sorption

and diffusion in such materials has been developed. In order to obtain the

necessary data, a special high pressure sorption technique had to be

developed as well, resulting in the present highly efficient, fully automated

system. The successful establishment of structure property relationships

for gas permeation has been achieved in this case.

The model which has been developed is referred to as the "dual-
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mode sorption model". This title results from the finding that solutes are

typically sorbed according to an isotherm containing a linear component

(Henry's Law} and a non-linear component (Langmuir Equation}. The linear

component corresponds physically to gas dissolved in the amorphous regions

of the polymer; the nonlinear is attributed to gas trapped in polymer micro-

voids, analogous to the adherence of gas molecules to sites on the surface

of porous adsrobents. The existence of microvoids as a stable phase in the

glassy polymer, postulated by other experimenters, was thus given cred-

ence by this work.

Finally, to test the generality of the model, the polystyrene

system was studied, with a variety of gases as probes, and rather striking

confirmation was achieved; e. g. , the saturation limit for sorption in the

microvoids was found to correspond to monolayer coverage on the internal

surface of the free volume. From these findings and the well-known

Williams-gandel-Ferry Equation for free volume in glassy state, it has

been possible to calculate the diameter of the microvoids in polystyrene

and a value of 10 /_ was obtained, in agreement with the value estimated by

another technique.

Publications

W. R. Vieth, K. J. Sladek, "A Model for Diffusion in a Glassy Polymer",

accepted for publication in the Journal of Colloid Science.
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2.0 Catalysis

2. 1 Semiconductor Catalysis

Personnel

Professor R. F. Baddour, Professor, Chemical Engineering

C. Selvidge, NSF Fellow, Chemical Engineering

H. C. Greenlaw, Jr., Technician, Chemical Engineering

Sponsorship

Office of Naval Research, Nonr 3963(04), DSR 9423

Research Report

Work is continuing on this project, which is designed to

demonstrate whether a direct relationship may be established between the

surface electrical properties of a semiconductor catalyst and a gas-phase

reaction which it catalyzes.

Z. 2 Interphase Interactions in Polyphase Solid Catalysts

Personnel

Professor R. F. Baddour, Professor, Chemical Engineering

Professor M. Deibert, Assistant Professor, Chemical Engineering

H. C. Greenlaw, Jr., Technician, Chemical Engineering

Degree Granted

M. Deibert, Sc.D., Chemical Engineering

Sponsorship

National Science Foundation GP 607, DSR 9366

Research Report

Experimental work is in progress to demonstrate the effect of

electronic interaction between doped germanium support and a finely

dispersed nickel catalyst on the activity of the nickel for decomposing formic

acid.
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Z. 3 Infrared Study of Metal Catalysts During Reaction

Personnel

Professor R. F. Baddour, Professor, Chemical Engineering

Professor M. Modell, Professor, Chemical Engineering

R. Goldsmith, Doctoral Student, Chemical Engineering

Degree Granted

M. Modell, Sc.D., Chemical Engineering

Research Report

Work is continuing to identify, by means of infrared spectroscopy,

those surface species which are kinetically important. This is part of a

basic program to probe the surface reaction mechanism in catalytic

reactions.

2.4 Diffusion in Porous Materials

Personnel

Professor C. N. Satterfield, Professor, Chemical Engineering

P. J. Cadle, Doctoral Candidate, (NATO studentship), Chemical

Engineering

W. G. Margetts, Doctoral Candidate, Chemical Engineering

Degrees Granted

G. Roberts, Sc.D., July 1965

A. J. Frabetti, Jr., Sc.D., January 1966

Sponsorship

National Aeronautics and Space Administration (Center for Space Research)

NsG-496 (part), DSR 4586

Research Report

Diffusional limitations in porous catalysts can lead to a variety

of effects on the rate and selectivity of a reaction, almost all of them

undesirable. It is therefore important to be able to predict diffusion rates

in porous catalysts and from this to estimate the "catalyst effectiveness

factor". A portion of the recently completed thesis by Roberts was devoted

to developing a generalized method of predicting the catalyst effectiveness

factor for kinetic expressions of the Langmuir-Hinshelwood type and a
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series of four papers based on the thesis and associated M. S. theses is

in the process of publication.

One of the most difficult problems in applying these methods of

prediction is the estimation of the effective diffusivity. Substantial progress

in this direction was made in the Sc. D. thesis of Saraf and work is continu-

ing in the Sc. D. thesis of Cadle. Measurements of diffusion rates will be

made at atmospheric and superatmospheric pressures on a variety of

commercial catalysts with the objective of developing a method of predic-

tion form knowledge of pore size distribution rand method of preparation.

Diffusion rates in molecular sieves (zeoLites) are of particular

interest because of their use in a variety of applications. The recently

completed Sc. D. thesis of Frabetti focused on the diffusion characteristics

of low molecular weight hydrocarbons on the zeolite mordenite, using

single crystal material of uniform particle size. It is now apparent that

remarkably different diffusion rates are being reported by investigators

working with ostensibly similar materials and much more attention will

need to be paid to the proper characterization of zeolites than has hereto-

fore been the case.

Zeolites are of strong interest as a component in environmental

control systems in space capsules and similar isolated Living units. A

continuation of Frabetti's study by Margetts is focusing on diffusional

effects in zeoLites as they relate to this application.

Theses

G. Roberts, "Effectiveness Factors for Porous Catalysts: Langmuir-

Hinshelwood Kinetic Equations", Sc. D. Thesis, July 1965

A. J. Frabetti, Jr., "Diffusion of Hydrocarbons in the Zeolite Mordenite",

Sc.D. Thesis, January 1966

Publications

C. N. Satterfield and S. K. Saraf, "Anisotropic Diffusivities in Pressed

Catalysts Pellets", Ind. Eng. Chem., Fundamentals, 4, 451,

(1965}.

Roberts and C. N. Satterfield, "Effectiveness Factor for Porous

Catalysts, Langmuir-Hinchelwood Kinetic Expressions", Ind.

Eng. Chem., Fundamentals, 4, 288 (1965).

Roberts and C. N. Satterfield, "Effectiveness Factor for Porous

Catalysts; Expressions for Bimolecular Surface Reactions

following Langmuir-Hinshelwood Kinetics", Ind. Eng. Chem.,

Fundamentals, in press.

G° W.

G. W.
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C. W. Knudsen, G. W. Roberts,and C. N. Satterfield, "Effectiveness

Factor for Porous Catalysts. Langmuir-Hinshelwood Kinetic

Expressions in Spherical Geometry", submitted to Ind. Eng.

Chem., Fundamentals.

2.5 Molecular Sieve (Zeolite) Catalysts

Personnel

Professor C. N. Satterfield, Professor, Chemical Engineering

Professor W. R. Vieth, Assistant Professor, Chemical Engineering

J. R. Katzer, Doctoral Candidate, Chemical Engineering

C. Frangoulis, Graduate Student, Chemical Engineering

Sponsorship

Sloan Basic Research Fund, Account No. 4226

Research Report

Catalysts based on zeolites are being widely adopted by the

petroleum industry for use in various refining processes. Diffusion

effects in zeolites are under investigation in a separate study (see

elsewherel; the focus here is on chemical effects.

As an outgrowth of preliminary work on the vapor phase alkylation

of benzene with propylene over a molecular sieve catalyst (H-form of

mordenite) carried out by Mr. C. Frangoulis, a comprehensive study of

the alkylation of benzene with propylene over zeolite catalysts in a liquid

phase (slurry-type) reactor has been embarked upon by Mr. J. R. Katzer.

The main emphasis of the study will be upon the characterization of the

catalytic activity and selectivity of zeolite catalysts in alkylation reactions

and upon determining a measurable zeolite quality to which alkylation

activity and selectivity can be correlated. To this end, zeolites will be

ion-exchanged with each of several cations, and the catalysts activity and

selectivity will be determined and correlated with the protonic

character of the cation and pore radius of the zeolitic structure in the

neighborhood of the cation.
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2.6 Surface Diffusion of Hydrogen on Nickel

Personnel

Professor C. N. Satterfield, Professor, Chemical Engineering

H. Iino, Doctoral Candidate (Teijin Ltd., Japan Award). Chemical

Engineering

Research Report

The surface migration of chemisorbed species may make a

significant contribution to total mass flux in some finely porous masses

and is also involved in the transport of reacting species from site to site

on a multifunctional catalyst. Surface diffusion of chemisorbed species

appears to be more important on metals than on compounds and preliminary

analysis indicates that the system of hydrogen on nickel may show unusually

large effects. A study of the system is underway, involving measurement

of steady-state fluxes through a porous plug formed at high pressure from

finely porous nickel powder in order to produce as small pores as possible

and thereby enhance surface diffusion effects relative to Knudsen

diffusion.
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3. 0 Surface Chemistry and Physics

3. 1 Flow of Adsorbed Gases Through Porous Media

Personnel

Professor E. R. Gilliland, Professor, Chemical Engineering

Professor R. F. Baddour, Professor, Chemical Engineering

K. Sladek, Research Assistant, Chemical Engineering

Sponsorship

National Science Foundation, NSF GP 2362, DSR 5028

Research Report

The flow of adsorbed gases through porous media plays an

important part in many process operations. The removal of such gases as

carbon dioxide and water vapor from air or other gases is frequently

carried out by adsorption on porous solids and the mass transfer of the

adsorbed gases in and out of the solid can determine the effectiveness with

which the operation can be performed. Such porous media can also play an

important part as barriers in separation processes for water purification,

for gas separation and in fuel cell systems. Many of the catalyst systems

used with chemical reactions are microporous solids and the flow in these

pores again is a critical factor.

The movement of gases or vapors through porous solids involves

both transfer in the vapor phase and in the adsorbed layers on the solid.

The present program has been concentrating on the mechanism of flow in

the gas phase. The earlier work studied the flow of pure gases through

microporous solids of the Vycor glass type and demonstrated that in some

systems the rate of mass transfer in the adsorbed layer was much greater

than in the gas phase and that it had a different defining function. This work

was then extended to the flow in the adsorbed layer under a temperature

gradients as well as a concentration gradients and to the flow in multi-

component systems. This phase of the work was confined to systems in

which the adsorption was largely of a physical nature, i.e., the adsorption

energy was moderate.

The flow of sulfur dioxide, ammonia, and carbon dioxide through

a Vycor plug, involving stronger adsorption bonds, have just been studied.

A new theoretical development has been made to permit the satisfactory

explanation of the results.

As a continuation of the program, the migration of chemisorbed

species on metals is being studied.
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4.0 Separation Processes

4.1 Expanded Glassy Polymers and .Pol:Telectrolyte Complexes as

Reverse-Osmosis Membranes

Personnel

Professor R. F. Baddour, Professor, Chemical Engineering

Professor A. S. Michaels, Professor, Chemical Engineering

Professor W. R. Vieth, Assistant Professor, Chemical Engineering

Professor A. S. Hoffman, Associate Professor (Visiting} Chemical

Engineering

S. M. Fleming, Research Assistant, Chemical Engineering

A. S. Douglas, Research Assistant, Chemical Engineering

M. A. Kornitzky, Research Assistant, Chemical Engineering

T. Jadwin, Graduate Student, Chemical Engineering

D. Graves, Research Assistant, Chemical Engineering

M. Root, Research Assistant, Chemical Engineering

A. Parekh, Research Assistant, Chemical Engineering

D. Gendron, Research Assistant, Chemical Engineering

R. Sarawesky, Research Assistant, Chemical Engineering

C. Frangoulis, Research Assistant, Chemical Engineering

D. H. Jones, Research Assistant, Chemical Engineering

M, Freeman, Research Assistant, Chemical Engineering

G. Gizinski, Research Assistant, Chemical Engineering

R. Kline, Research Assistant, Chemical Engineering

S. J. Reid, Research Assistant, Chemical Engineering

S. Mitchell, Project Technician, Chemical Engineering

H. Greenlaw, Technician, Chemical Engineering

Degrees Granted

D. Graves, M.S.

A. Parekh, Chemical Engineer

Sponsorship

U. S. Department of Interior, Office of Saline Water,

Grant 14-01-0001-316, DSR4640

Research Report

A program to develop new classes of semipermeable membranes

capable of rejecting salts from sea water is in progress. In one phase of

321
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this program, major emphasis is belng placed on the development of high

flux microsieving membranes with controlled micorporosity, using existing

hydrophilic materials such as cellulose nitrate and polyvinyl alcohol. The

preparation techniques being explored with these membranes are template

inclusion, thin film polymerization and surface crosslinking. In another

phase of the program, synthesis routes to wholly new hydrophilic membrane

materials such as polyelectrolyte complexes and polyurethanes are being

sought. The aim here is to develop new materials with higher native water

permeabilities than existing materials such as cellulose nitrate and

cellulose acetate, while retaining the salt rejection capacities of the latter.

A unifying theme for the several branches of this program is the

elucidation of the mechanisms of salt and water transport.

Theses

D. J. Graves, "Water and Ion Flux Through Modified Poly(ethylene glycol

monomethacrylate), " S.M. Thesis, Department of Chemical

Engineering, MIT, June 1965

R. M. Hodges, "Polymer Films as Reverse Osmosis Membranes for Sea

Water Desalination, " Ph.D. Thesis, Department of Chemical

Engineering, MIT,July 31, 1964

Publications

R. R. Baddour, D. J. Graves, and W. R. Vieth, "Transmission of Water

and Ions Through Crosslinked Hydrophilic Membranes, " presented

at the 39th National Colloid Symposium, June 1965, to be

published in the Journal of Colloid Science.

A. S. Michaels, H. J. Bixler, R. Hausslein, and S. M. Fleming, "Poly-

electrolyte Complexes as Reverse Osmosis and Ion-Selective

Membranes", Biennial Report to O. S.W. 1/63 - 1/65, MIT

Desalination Laboratory Report No. 515-i.

R. F. Baddour, W. R. Vieth, A. S. Douglas, "Expanded Glassy Polymers

as Reverse Osmosis Membranes, " Biennial Report to O. S. W.

1/63 - 1/65, MIT Desalination Laboratory Report No. 316-I.

A. S. Michaels, H. J. Bixler, and R. M. Hodges, Jr., "Kinetics of Water

and Salt Transport in Cellulose Acetate Reverse Osmosis

Desalination Membranes, " to be published in the Journal of Colloid

Science.
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4. 2 Polymer Permselectivity

Personnel

Professor A. S. Michaels, Professor, Chemical Engineering

Professor W. R. Vieth, Assistant Professor, Chemical Engineering

Professor A. S. Hoffman, Associate Professor (Visiting) Chemical

Engineering

Professor R. W. Hausslein, Assistant Professor, Chemical Engineering

H. Alcalay, Research Assistant, Chemical Engineering

A. B. Krewinghaus, Graduate Student, Chemical Engineering

W. Wuerth, Research Assistant, Chemical Engineering

H. Sevenier, Research Assistant, Chemical Engineering

N. Weeks, Research Assistant, Chemical Engineering

H. Vienneau, Research Assistant, Chemical Engineering

P. Tomlinson, Research Assistant, Chemical Engineering

R. Bates, Research Assistant, Chemical Engineering

S. Mitchell, Project Technician, Chemical Engineering

Sponsorship

National Science Foundation, GK 82, DSR 5394

Research Report

Continuing investigations of the permeation properties of oriented

and solvent treated polyethylene and polypropylene films seek to clarify

transport mechanisms and Lndicate means of precise structural modifica-

tion leading to membranes useful as separation devices. The very low

permeabilities and high permselectivities imparted to these polymers by

orientation can be partially relieved by controlled solvent and thermal

treatment. New theories of structure modification and mixture permeation

are being developed concurrently.
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5. 0 Properties of Clay-Water Systems

Personnel

Professor A. S. Michaels, Professor, Chemical Engineering

Professor A. S. Hoffman, Associate Professor (Visiting) Chemical

Engineering

Professor W. R. Vieth, Assistant Professor, Chemical Engineering

Professor R. W. Hausslein, Assistant Professor, Chemical Engineering

W. Baker, Research Assistant, Chemical Engineering

J. E. Sobel, Research Assistant, Chemical Engineering

Sponsorship

Georgia-Kaolin Company, DSR 9668

Research Report

The phenomenon of dilatency (reversible shear hardening) is being

investigated in aqueous deflocculated kaolinite suspensions by J. Sobel.

Five different fractions of a whole clay are being investigated and the onset

of dilatency is being correlated with particle size shape and concentration.

The effect of different dispersants is also under investigation.

The mechanism of solute washing from flocculated porous media

was studied in the doctoral thesis of W. Baker. The major conclusions of

this study are that particle flocculation and orientation have significant

effects on the microstructure of filter cakes of small anisotropic particles.

The permeability behavior of flocculated filter cakes is influenced by

changes in the microstructure but the washing efficiency, which is controlled

by diffusion mixing processes, is not.

Theses

W. Baker, "Permeability and Washing Characteristics of Flocculated

Kaolinites, " Sc. D. Thesis, November 1965
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6.0 Cryogenic Chemistry

Personnel

Professor R. C. Reid, Professor, Chemical Engineering

J. Merle Ditz, Research Assistant, Chemical Engineering

Research Report

There have been several plausible models proposed to explain

the mechanism of the reaction of hydrogen atoms with solid films of

olefins at 77°K. To decide among these mechanisms, one of the key

questions which must be answered is whether or not there is substantial

hydrogen atom diffusion inside the solid olefin. Experiments are being

planned to measure the diffusion rate of hydrogen atoms in olefins at 77°K

using a thin coating of MoO 3 below the olefin as a detector. The MoO 3 film

will be reduced with any diffused hydrogen atoms and change color from

yellow to blue. The rate will be followed colorimetrically.
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VII. EFFECTSOFRADIATIONONMATERIALS

1.0 Effects of Radiation on Organic Coolants for Nuclear Reactors

Personnel

Professor E. A. Mason, Professor, Nuclear Engineering

Professor D. T. Morgan, Visiting Associate Professor, Nuclear

Engineering

W. N. Bley, DSR Staff, Nuclear Engineering

J. C. Kim, DSR Staff, Nuclear Engineering

J. W. Steiner, DSR Staff, Nuclear Engineering

A. H. Swan, DSR Staff, Nuclear Engineering

T. H. Timmins, Research Assistant, Nuclear Engineering

R. Traccucci, Research Assistant, Nuclear Engineering

C. S. Rim, Research Assistant, Nuclear Engineering

D. Gournelos, Research Assistant, Nuclear Engineering

J. F. Howard, Chemical Technician, Nuclear Engineering

A. J. Pierni, Chemical Technician, Nuclear Engineering

K. Congdon, Northeastern University Cooperative Student

R. Courtney, Northeastern University Cooperative Student

S. Parkhurst, Northeastern University Cooperative Student

E. Pembroke, Northeastern University Cooperative Student

D. Serfilippi, Northeastern University Cooperative Student

D. Webster, Northeastern University Cooperative Student

Carol Schwartz, Secretary, Nuclear Engineering

Degrees Granted

W. N, Bley, S.M., Nuclear Engineering, February 1965

R. J. Cahill, S.M., Nuclear Engineering, September 1965

J. R. Clark, S.M., Nuclear Engineering, September 1965

A. H. Swan, S.M., Mechanical Engineering, September 1965

R. Traccucci, S.M., Nuclear Engineering, September 1965

Sponsorship

Atomic Energy Commission, Savannah River Operations Office,

Contract No. AT(38-1)-334, DSR 9819
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Research Report

Organic fluids with low vapor pressures offer several advantages

for use as coolants in nuclear reactors. However such materials undergo

rediation damage and in general have poorer heat transfer preperties than

water when used as reactor coolants. The primary objectives of this

research program are the study of the nature and the rate of degradation

of organic liquids suitable for use as nuclear reactor coolants when tested

under conditions of reactor pressure and temperature and of the effect of

the degradation product on the rate of heat transfer and on the other

properties pertinent to the use of organic liquids as reactor coolants. For

use in these studies, an in-pile loop has been designed, constructed and

operated to study the behavior of circulating organic fluids under reactor

irradiation.

Publications

W. N. Bley, E. A. Mason, "The Nature of the High Boiler Degradation

Products from Irradiated Santowax OMP, " MITNE-55, MIT-334-

Ii, February 1965.

E. A. Mason, "In-Pile Loop Irradiation Studies of Organic Coolant

Materials_'Progress Report, October I, 1963 - December 31, 1964,

MITNE-59, MIT-334-12, February 1965.

E. A. Mason, T. H. Timmins, "Interpretation of Radiolysis of Terphenyls-

Apparent Kinetics and Fast Neutron Effect," Trans. Am. Nuc.

Soc., 8, No. 2, 420, MIT-334-22, November 1965.

A. H. Swan and E. A. Mason, "Friction Factor and Heat Transfer

Correlation for Irradiated Organic Coolants, " MITNE-63,

MIT-334-Z3, September 1965.

D. T. Morgan, W. N. Bley, T. H. Timmins, "In-Pile Loop Irradiation

Studies of Organic Coolant Materials, " Progress Report,

January I - September 30, 1965, MITNE-66, MIT-334-33,

November i, 1965.



SECTION D - MATERIALS ENGINEERING 329

2.0 Temporary Acceleration of Creep Rate of Polymers During

Irradiation

Personnel

Professor A. S. Hoffman, Associate Professor (Visiting) Chemical

Engineering

Professor A. S. Michaels, Professor, Chemical Engineering

Professor E. A. Mason, Professor, Nuclear Engineering

J. P. Bell, NSF Fellow, Chemical Engineering

M. Romney, Undergraduate Student, Chemical Engineering

D. Kisha, Graduate Student, Chemical Engineering

Sponsorship

Atomic Energy Commission, Purchase Order from Lawrence Radiation

Laboratory, University of California, under Contract W-7405-

ENG- 48.

Research Report

The creep rates of polystyrene, polymethylmethacrylate and a

copolymer of vinylchloride/vinyl acetate all increase significantly when

placed in the radiation field of a 3 McV. Van de Graaff generator. When

the radiation ceases, these creep rates decay to values expected based on

the total dose delivered, Convincing evidence has been obtained which

indicates that the acceleration in creep rate is due to an internal pressure

caused by the accumulation of gases within the polymer during irradiation.

Plasticization of the sample or increasing sample temperature damp out

the acceleration in creep rate, presumably by increasing gas diffusion

rates out of the sample. Work is continuing, in an attempt to determine

why the increase in polymer free volume noted during irradiation is

smaller than one would expect if the sample were merely heated to attain

the same level of creep rate.

Theses

J. P. Bell, Sc.D. Thesis

Publications

J. P. Bell, A, S. Michaels, A. S. Hoffman, E. A, Mason, "Temporary

Acceleration of Creep Rate of Polymers During Irradiation", to

be presented at the ACS Meeting, Pittsburgh, March 1966.
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SECTIONE.

NATIONALMAGNETLABORATORY

TheNationalMagnetLaboratoryat MITpursuesaprogramof
researchin solidstatephysicsandrelatedareasusingintensemagnetic
fields. Thecentralresearchfacility consistsof atenmegawattdcpower
supplyanda numberof water-cooledmagnetsprovidingcontinuousfields
upto 255 kilogauss. Three superconducting magnets with fields to 80 kG

and a large variety of pulsed magnets with fields to 750 kG are also in use.

The development of magnets to provide even higher fields and to meet

special experimental requirements is continuing.

The Laboratory's research program is primarily a study of the

magnetic, electrical, optical and acoustic properties of matter with the

aim of increasing understanding of the electronic band structure, the lattice

vibration spectrum, phonon electron interactions and magnetic interactions

in solids. A strong magnetic field represents a perturbing environment

which alters the effect of materials on the transmission and reflectance of

electromagnetic and acoustic radiation. Experimental techniques now in

use include cyclotron resonance, magnetoabsorption, de Haas-van Alphen

effect, magnetic resonance, magnetoresistance, M6ssbauer effect and

acoustic absorption. Theoretical studies of band structure, crystal field

theory, superconductivity and other topics are carried on in close con-

junction with the experimental program.

The high field facilities are made available to research groups

from other MIT departments and from institutions throughout the world.

Sponsorship

National Magnet Laboratory

Supported by the Air Force Office of Scientific Research

Contract AF 49(638)-1468
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NATIONAL MAGNET LABORATORY

Personnel

ProfessorB. Lax, Director

Dr. A. J. Freeman, Associate Director

Professor F. Bitter, Professor, Department of Geology and Geophysics

Dr. D. T. Stevenson, Assistant Director

Research Staff Members

Dr. R. L. Aggarwal

Dr. R. W. Arndt

Professor A. E. Bergles

Dr. N. A. Blum

R. N. Brown

K. J. Button

Dr. C. E. Chase

Professor S. Cohen

E. J. Cox

Dr. M. H. Crozier

E. W. L, Davis

Dr. S. Foner

Dr. R. B. Frankel

A. Furdyna

Dr, J. K. Furdyna

Dr. A. Goldstein

Y. Iwasa

Dr. D. J. Kim

Dr. H. H, Kolm

M. J. Leupold

Dr. E, Maxwell

E. J. McNiff, Jr.

Dr. R. H. Meservey

Dr. R. C. Milward

D. B. Montgomery

Dr. L. J. Neuringer

Dr. R. R. Oder

A. M. Packard

Dr. C. R. Pidgeon

Dr. H. C. Praddaude

L. G. Rubin

Dr. M. Schieber

Dr. B. B. Schwartz

J. F. Scholl

Dr. Y. Shapira

R. S. Sheshinski

E. E. H. Shin

F. Smith

Dr. Q. F. H. Vrehen

E. P. Warekois

M. H. Weiler

C. F. Weggel

J. E. C. Williams

Dr. S. J. Williamson

Visiting Scientists

Dr. V. Cagan (C. N. R. S. , Bellevue, France)

Dr. D. Dickey (Lincoln Laboratory

Dr. J. Dimmock (Lincoln Laboratory)

Dr. M. Dresselhaus (Lincoln Laboratory)

Dr. J. Halpern (Lincoln Laboratory)

Professor A. Javan (MIT Physics Department)

Dr. R. O'Brien (Weston College)
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Dr. R. Patten (University of Massachusetts}

Professor R. Sarup {Holy Cross College}

H. Wizgall (University of Giessen}

Dr. W. Zawadski (University of Poznan}

professor G. Ziromerroan (Boston University}

Graduate Students

D. Abeshouse, Graduate Student, Physics {Boston University)

D. Ellis, Graduate Student, Physics (MIT}

M. Greenebaum, Graduate Student, Physics {MIT}

W. Hackett, Graduate Student, Physics {MIT}

T. Hart, Graduate Assistant, Physics {MIT}

S. Kurtin, Graduate Student, Physics (MIT)

M. Maltz, Graduate Student, E.E. (MIT}

G. Peabody, Graduate Student, Physics (Harvard}

M. Reine, Graduate Assistant, Physics {MIT}

W. Robbins, Graduate Assistant, Physics {MIT}

B. Sacks, Graduate Assistant, E.E. {MIT}

U. Smith, Graduate Assistant, Physics {MIT}

R. Stimets, Graduate Assistant, Physics {MIT}

Degrees Granted

Norman A. Blum, Ph.D. , Physics, December 1964 - Brandeis University

Albert Goldstein, Ph.D., Physics, March 1965 -MIT

Robin R. Oder, Ph.D., Physics, April 1965- MIT

William Robbins, S.M. , Physics, June 1965 - MIT

R. C. Williamson, Ph.D., Physics, August 1965- MIT

Samuel J. Williamson, Ph. D., Physics, May 1965 -MIT
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NATIONAL MAGNET LABORATORY

RESEARCH REPORTS

1.0 High Field Magnet Development

Persor_el

Professor F. Bitter

D. B. Montgomery

H. H. Kolm

J. E. C. Williams

M. J. Leupold

Y. lwasa

C. Weggel

Professor A. E. Bergles (Mechanical Engineering)

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

The field volume and duration of fields above 200 kG in the

Laboratory's water-cooled magnets have been increased. The 255 kG

record field achieved last year in a very small volume for 1 minute has

been joined by a Z25 kG field produced by a 1 1/4" bore magnet with a 15

minute-50% duty cycle. Other high field magnets now include a 1 1/4" 175

kG continuous field magnet and two 150 kG continuous Z 1/8" bore magnets.

In addition, a second variable radial access Z 1/8" general purpose magnet,

and a 100 kG 4" magnet were introduced during the year. This brings the

number of operating magnets to 15, with another 8 in design or construction.

The magnets have been operating magnets to 15, with another 8 in design or

construction. The magnets have been operating with a high degree of relia-

bility with some of them now approaching 750 MW-hours of operation with

no winding failures. A total of 4046 hours of magnet time were used in re-

search programs during the year beginning in October 1964. Three 1" bore

superconducting magnets with fields up to 80 kG are also in almost continu-

ous use.

The 150 kG magnets, the Z I/8" ZOO kG magnet and the 4" I00 kG

magnet have been used extensively for engineering studies of high field
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superconducting magnet materials and coils. These programs have been

instrumental in improving Nb3Sn materials for use in fields of 150 kG and

beyond. Niobium titanium and niobium nitride have also been studied.

Fundamental work on current instabilities in superconducting magnets has

led to improvement in coil performance. Further development of the

beryllium-copper pulse magnets used with the 100 kilojoule capacitor bank

has resulted in reliable operation at 550 kG in volumes of a cubic inch. A

technique for using energy stored in the motor-generator flywheel for a

repetitive pulsed field has been studied. The coil would be pulsed for one

half cycle each second and might give fields up to 400 kG.

Publications

H. H. Kolm, M. J. Leupold, and R. D. Hay, "Heat Transfer by the

Cicrulation of Super-Critical Helium, " 1965 Cryogenic Engrg.

Conf., Houston, Texas, August 23-25, 1965.

D. B. Montgomery, "Magnets for Fields Above I00 kG," NEREM Record,

Proceedings of Northeast Elec. Res. and Engrg. Mtg., Boston,

Mass. , November 4-6, 1964.

J. E. C. Williams, "The Minimum Propagating Current of a Composite

Superconductor, " Physics Letters 19, 96 (1965).

Y. Iwasa and D. B. Montgomery, "Flux Creep as a Dominant Source of

Degradation in Superconducting Solenoids, " Appl. Phys. Letters 7,

231 (1965).

F. Bitter, "Ultra-Strong Magnetic Fields, "Scientific American 213,

64 (1965).

D. B. Montgomery and W. Sampson, "Measurements on Niobium-Tin

Samples in 200 kG Continuous Fields, " Appl. Phys. Letters 6,

108 (1965).

D. B. Montgomery, "The Generation of Intense Magnetic Fields," 10th

Annual Conference on Magnetism and Magnetic Materials, J. Appl.

Phys. Suppl. 36, 893 (1965).

R. Arndt, "ErzeugungHoher Magnetfelder," Technische Beilage, Zurich,

Switzerland, No. 1462-63 (1965).

H. H. Kolm and A. J. Freeman, "Intense Magnetic Fields, " Scientific

American 212, 66 (1965).
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2.0 Optical Absorption by Semiconductors

in Crossed Magnetic and Electric Fields

Personnel

Q. F. H. Vrehen

W. Zawadzki

M. Reine

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

The study of optical absorption in crossed electric and magnetic

fields is one of the newest techniques for obtaining information on the elec-

tronic band structure of semiconductors. The results of experiments on

germanium in moderate electric fields using a modulation technique here

have confirmed the predictions of the theory by Aronov and have opened the

way for application of the technique to other semiconductors. Studies have

also been made on germanium p-n diodes where stronger electric fields

can be applied. It was observed that the energy of several transitions was

shifted to photon energies below the zero-field gap. An approximate theory

for the shift of the Landau level in the valence band of germanium for high

electric fields is being developed.

The electric field modulation technique has been used for a study of

GaAs and has made possible the observation of oscillatory magnetoabsorp-

tion in this material for the first time. The reduced mass for the electron

and the light hole have been determined from the experiment. The theory

and experimental results on interband Faraday rotation in germanium with

a crossed electric field have been obtained and compared. A more basic

quantum mechanical study of the behavior of a Bloch electron in crossed

electric and magnetic fields has led to new insights on the effective mass

approximation.

Publications

Q. H. F. Vrehen, "Shift in Landau Levels in Crossed Electric and

Magnetic Fields, " Phys. Rev. Letters 14, 558 (1965).

Q. H. F. Vrehen, "Interband Optical Absorption in Crossed Electric

and Magnetic Fields in Germanium, " submitted to Phys. Rev.
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3. 0 Faraday Rotation and Magnetoabsorption in Semiconductors

personnel

R. N. Brown

C. R. Pidgeon

R. L. Aggarwal

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

Direct interband transitions have been observed between Landau

levels in InSb up to energies about twice the gap energy in both Faraday

rotation and magnetoabsorption. The detailed theory of the magnetic levels

in the valence and conduction bands in InSb at the zone center has been

carried out within the effective mass approximation of Luttinger and Kohn.

The coupling between conduction and valence bands has been treated exactly,

and the effect of higher bands to order k 2. Thus, non-parabolic effects of

the conduction and light hole bands, warping of conduction and valence bands,

and "quantum effects" of the light and heavy hole valence bands are included.

Selection rules and transition probabilities have been evaluated for both

allowed and forbidden direct (valence to conduction band) transitions at k=0.

Comparison of theoretical with experimental spectra (using circular and

plane polarized light in the Faraday and Voigt configurations respectively)

has shown good agreement for the magnetic field in the [ If0] and [ 100]

crystal directions.

Oscillations in the reflectivity in HgTe with an applied magnetic

field have been observed for photon energies between 0.06 and 0. Z5 eV.

Preliminary analysis shows that these are due to interband transitions

across the zero or slightly negative thermal energy gap of HgTe.

Publications

J. Halpern and B. Lax, "High Field Magnetoabsorption of the Indirect

Transition Exciton in Germanium at i. 7°K, " submitted to J. Phys.

and Chem. of Solids.

B. Lax and J. G. Mavroides, "Interband Magneto-Optical Effects, "

Chapter 3.8, Physics of III-V Compounds - Semiconductors and

Semimetals, Ed. by Beer andWilardson, Academic Press, N.Y.
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B. Lax, "Progress in Magneto-Optical Effects," Physics of

Semiconductors, Proceedings of the Seventh International

Conference, Paris {Dunod, Paris, 1964}.

Y. Nishina, J. Kolodziejczak and B. Lax, "Rotary Dispersion of Direct

Exciton in Germanium," Physics of Semiconductors,

Proceedings of the Seventh International Conference, Paris

{Dunod, Paris, 1964}.

H. S. Bennett and E. A. Stern, "The Faraday Effect in Solids,"

Phys. Rev. 137, A448 {1965).

F. K. Galeener, I. Melngailis, G. B. Wright and R. H. Rediker,

"Magnetic Properties of InAs Diode Electroluminescence, "

J. Appl. Phys. 36, 1574 {1965}.

J. Halpern and B. Lax, "Magnetoabsorption of the Indirect Transition

in Germanium," J. Phys. Chem. Solids 26, 911 {1965}.

B. Lax, "High Field Magnets and Magnetospectroscopy, " Science in

the 60's, Ed. by David L. Arm {University of New Mexico

Office of Publications, 19651 .
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4.0 Far Infrared Resonance Studies

Personnel

K. J. Button

R. Milward

M. Weiler

B. Lax

Sponsorship

Air Force Office of Scientific Research, AF 49{638)-1468

Research Report

The observation of numerous resonance phenomena in solids at

far infrared frequencies is dependent on the availability of high continuous

magnetic fields and suitable far infrared sources and detectors. The high

field water-cooled magnets at NML are ideal for these experiments and the

recent development of far infrared lasers and improved spectrometers and

detectors opens up many possibilities for fruitful research.

Preliminary observations of room temperature cyclotron resonance

in p-type germanium have been made at a wavelength of 0. 337 millimeter by

using a C2H5CN gas laser and a magnetic field intensity up to 130 kG. Since

_07 appeared to be near unity at 300°K, the temperature was lowered to about

100°K where the light-hole resonance was clearly resolved and two addition-

al broad resonance lines were observed. Antiferromagnetic resonance has
-i

been found in CoO at 142. 3 + 0. 5 cm at helium temperature with no mag-

netic field. No splitting of this line was observed in fields up to 100 kG.

This finding does not conform with the usual behavior of a resonance in

more simple antiferromagnets. However, until current uncertainties of the

spin structure of CoO are resolved and an explicit theory for the external

magnetic effect is formulated, no accurate comparisons can be made.

Publications

R. C. Milward, "Observation of a Far Infrared Line in Antiferromagnetic

COO," Phys. Letters 16, 244 (1965).
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5.0 Far Infrared Absorption in N-Type Silicon

Due to Photon Induced Hopping

personnel

L. J. Neuringer

R. Milward

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

Far infrared photon-induced hopping of a charge carrier between

impurity centers in a compensated semiconductor has been observed for

the first time. The absorption coefficient of compensated n-type silicon at

_2.5°K was measured as a function of doping (1017 < N D < 1018 cm -3} and
-1

compensation ratio (0.06 < K < 0.4} in the frequency interval 10-100 cm ,

and was found to show a resonant absorption whose maximum, area x, occurs
-1

at frequencies between 27-45 cm depending upon the donor concentration,

N D. The origin of this resonant absorption is the photon induced hopping of

an electron between neutral and ionized donor sites in the presence of a

compensating acceptor impurity. The results obtained are in good agree-

ment with the recent numerical calculations of Blin0wski and Mycielski for

such a process in n-type silicon, with regard to the magnitude of area x, the

frequency at which it occurs, and also the shape of the absorption curve.

This work provides the first quantitative experimental confirma-

tion of the mechanism of hopping conduction and may form the basis for the

development of far infrared detectors in this region of the spectrum. Fur-

thermore, in the control samples which were not compensated the experi-

ments revealed absorption characteristics which show that this material

will be useful as a low pass filter for far infrared instrumentation.

Publications

R. C. Milward and L. J. Neuringer, "Far Infrared Absorption in N-Type

Silicon Due to Photon-Induced Hopping," Phys. Rev. Letters 15,

664 (1965).
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6.0 Optical Spectra of Solids

Pe rsonnel

M. H. Crozier

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

Zeeman effect studies of the line spectra of solids are useful in

determining the site symmetry and the nature of the eigenstates ofan ion

or color center. With fields in excess of 100 kG, even the lack of an ob-

servable splitting in a reasonably sharp line can be significant. The struc-

ture of di-tetramethyl-amine hexachlorouranate, (TMA) UC1 is believed
2 6'

to be cubic, so that there should be some states of the U 4+ ion, belonging

to the Tlg and T2g irreducible representations of the O h point group, which

should show a first order Zeeman effect. The absorption spectrum has been

studied at helium temperature in fields up to 155 kG, but no splitting was

observed. Other spectral.evidence suggests that there may be a small de-

viation from cubic symmetry which would account for this result. The spec-

tra of selected zero-phonon absorption lines of color centers in LiF and

KCI have been investigated at 100 kG. These lines were considered to be

associated with R 1 or R 2 centers, probably an aggregate of three F centers

which would possess Kramers degeneracy and show a splitting. No effect

was observed, indicating the absence of any degeneracy, and it appears

that the F 3 model does not apply.

Analysis of the absorption and fluorescence spectra of europium

gallium garnet at various temperatures has yielded the positions of the three

7F 1 state of Eu 3÷ in the crystal field. Combinedlevels obtained from the

with intermediate coupling calculations of the higher excited states, these

results yield an improved calculation of the variation of the low temperature

susceptibility. In order to investigate the structure of the 5D excited states,

matrix elements of the crystal field Hamiltonian have been calculated using

intermediate coupling free-ion states. It appears that a fortuitous cancella-

tion leads to a level structure which corresponds more closely to a tetrag-

onal approximation than in the case of the 7F levels, allowing the observed

Zeeman effect to be better understood.
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Publications

M. H. Crozier, "Magnetically Induced Line Absorption in CaFz(Sm 2+)

and SrFz(Sm2+), " Phys. Rev. Letters 13, 394 (1964}.

J. Zak, "Group Theoretical Consideration of Landau Level Broadening

in Crystals, " Phys. Rev. 136, A776 (1964}.

R. Sarup and M. Crozier, "Analysis of the Eigenstates of Pr 3+ in LaC13

Using the Zeeman Effect in High Fields," J. Chem. Phys. 4__Z,

371 (1965).

M. H. Crozier, "Zeeman Effect in the 4f-5d Spectrum of Ce 3+ in CaY 2, "

Phys. Rev. 137, A1781 (1965).
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7. 0 Materials Preparation and Characterization

personnel

M. Sehieber

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

A modest facility has been set up for the purification, growth, and

characterization of single crystal materials needed for the NML solid state

research program. A method of growth of rare earth metals has been de-

veloped and single crystals of samarium, europium, ytterbium, thulium,

and dysprosium metals have been grown successfully. Single crystals of

about three mm diameter and three mm long have been cut from a boule of

samarium metal. Residual resistivity ratios of the purified single crystals

of samarium indicate that the material has a high purity.

A fluorine free flux was developed to grow single crystals of rare

earth iron and gallium garnets. Such a flux is particularly important for

europium-gallium garnets, where for charge compensation, univalent

fluorine impurities induce divalent europium ions. At low temperatures

the I/T term of the magnetic susceptibility for Eu 2+ masks completely the

temperature independent susceptibility of Eu 3+. A new flux containing

B20 3 was developed and large hematite crystals (3/4" x I/2" x i/i0") were

grown. These crystals have been used for MSssbauer spectroscopy and

antiferromagnetic resonance measurements.

Publications

M. Schieber, "Experimental Magnetochemistry," to be published as a

volume in Monographs on Selected Topics in Solid State Physics,

Edited by E. P. Wohlfareh, North Holland Publishing Co. ,

Amsterdam.
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8.0 Ultrasonic Effects in Solids in High Magnetic Fields

Personnel

L. N. Neuringer

Y. Shapira

Sponsorship

Air Force Office of Scientific Research, AF 49(638}-1468

Research Report

The study of ultrasonic velocity and attenuation in solids in the

presence of high magnetic fields has continued to yield new information.

This technique is especially fruitful in the study of metals and semimetals

where the high electrical conductivity usually prevents the transmission

of electromagnetic waves.

A detailed analysis of the giant quantum oscillations in the ultra-

sonic attenuation in gallium has been completed. Evaluation of line shapes,

effective masses and spin-splitting have been made based on this data. The

quantum oscillations have also been studied in a number of other materials

in order to elucidate the band structure. These were coupled with oscilla-

tory susceptibility measurements {de Haas-van Alphen} in order to examine

the systems in greater detail. New information on the band structure of

arsenic, the alloy In-Bi and chromium has been obtained.

Hard superconductors were studied with ultrasonic measurements

from 5 to 50 megacycles with both shear and longitudinal waves in order to

examine the high field transition region {at Hc2} from the superconducting to

the normal state. This has led to analysis of the absorption edge for ultra-

sonic waves of the upper critical field of niobium-25% zirconium as a func-

tion of temperature and field. In addition, a number of experiments have

been completed on other high field superconductors. A close correlation

between the upper critical field, Hc 2, for the change in ultrasonic attenua-

tion and the resistive transition has been obtained and the temperature

variation of the critical field has been compared with several theoretical

models. Temperature variations corresponding to flux jumps have been

observed in these materials at high field. The upper critical fields of

niobium-titanium alloys have been examined as a function of temperature

with fields up to 150 kG. The transition temperatures and the dependence

of the upper critical field on temperature were measured also by the resis-

tive methods. The results support the view that Pauli paramagnetism plays

a role in determining the upper critical field in this alloy series, however,
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the paramagnetic effect is smaller than that predicted by Maki. The

velocity and attenuation changes observed in the superconducting state in

Nb-25% Zr agree with the predictions of Alpher and Rubin's theory originally

derived for impure metals in the normal state. This model has been tested

for transverse and longitudinal sound waves in the low frequency range and

as a function of angle of the applied fields with respect to the propagation

direction of the ultrasonic waves. The agreement with theory in the super-

conducting state is exceptional. In summary the present theory accounts

for the effect of magnetic fields on the velocity of the sound waves, the

changes in velocity, the rapid changes in the region of the critical field,

the frequency dependence, and angular dependence.

Publications

Y. Shapira, S. J. Williamson and S. Fischler, "Quantum Oscillations

in the Ultrasonic Attenuation and Magnetic Susceptibility of

InBi," submitted to Phys. Rev.

Y. Shapira and S. J. Williamson, "Quantum Oscillations in the

Ultrasonic Attenuation and Magnetic Susceptibility of Arsenic,"

Phys. Letters 14, 73 (1965).

W. D. Wallace, N. Tepley, H. V. Bohm and Y. Shapira, "Quantum

Oscillations in the Ultrasonic Attenuation in Chromium, "

Phys. Letters 17, 184 (1965).

Y. Shapira and L. J. Neuringer, "Effects of High Magnetic Fields

on the Ultrasonic Velocity and Attenuation in Nb-25%Zr,"

Phys. Rev. Letters 15, 724 (1965).

Y. Shapira and L. J. Neuringer, "Upper Critical Fields of Nb-Ti

Alloys: Evidence for the Influence of Pauli Paramagnetism, "

Phys. Rev. 140, A1638 (1965).

L. J. Neuringer and Y. Shapira, "Ultrasonic, Magnetic and Thermal

Behavior of Nb-Zr to ii0 kG," Solid State Comm. 2, 349 (1964).

Y. Shapira and B. Lax, "Line Shape and Amplitude of Giant Quantum

Oscillations in Ultrasonic Absorption, " Phys. Rev. 138,

All91 (1965).
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9.0 de Haas-van Alphen Effect

Personnel

S. Foner

S. J. Williamson

E. McNiff, Jr.

A. Goldstein

e_ ..... z
opul,_ur_l-dp

Air Force Office of Scientific Research, AF 49{638)-1468

Research Report

The de Haas-van Alphen effect studies have been continued in a

number of solids using the field modulation technique. Detailed studies of

pyrolytic and single crystal graphite as a function of temperature, angle

and field have been completed and compared with results of recent magneto-

optical experiments by Dresselhaus and Mavroides. Of particular interest

is the minority carrier oscillation which confirms an earlier discovery by

Soule and provides a sensitive test for the Slonezewski-Weiss band model.

Agreement between theory and experiment is exceptional. These DHVA

results and the band calculations have been applied to cyclotron resonance

experiments currently in progress as well as to previous Alfven wave

propagation experiments in pyrolytic and single crystal graphite.

The de Haas-van Alphen effect study of gallium has been completed

with experiments in fields to 80 kG. Shubnikov-de Haas effects have been

examined in particular cases to 150 kG. The band structure in gallium is

quite complex and many different sections of the Fermi surface were ob-

served. These have been compared with band calculations of Wood and

identification of some of the sections could be made. A number of experi-

ments have been carried out in collaboration with ultrasonic attenuation

work including that in In-Bi alloy and in arsenic. An interesting feature,

in addition to observations of new sections of Fermi surface, is that the

de Haas-van Alphen effect is sensitive or will detect certain portions of the

Fermi surface whereas the ultrasonic attenuation is more convenient for

detecting others. The combined measurements yield a wealth of informa-

tion not readily available by either alone. Present experiments include low

temperature dHvA measurements in beryllium and in various ferromagnetic

metals.

Radio frequency Shubnikov-de Haas measurements have also

been made in a number of single crystal materials. Advantages of the
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rf technique include the possibility of observations in rather noisy and

unstable magnetic field environments.

Publications

A. Goldstein and S. Foner, "de Haas-van Alphen Effect in Gallium at

High DC Magnetic Fields," submitted to Phys. Rev.

S. J. Williamson, S. Foner and M. S. Dresselhaus, "de Haas-van Alphen

Effect in Pyrolytic and Single Crystal Graphite, " 9th Annual Low

Temperature Conference, Columbus, Ohio, Aug. 31-Sept. 4, 1964.

To be published in Proceedings.

A. Goldstein, S. J. Williamson and S. Foner, "Low Frequency Field

Modulation Differential Magnetometer; Applications to the de Haas-

van Alphen Effect," Rev. Sci. Instr. 36, 1356 (1965).

S. J. Williamson, S. Foner and M. S. Dresselhaus, "de Haas-van Alphen

Effect in Pyrolytic and Single Crystal Graphite," Phys. Rev. 140,

A1429 {1965).

S. J. Williamson, S. Foner and R. A. Smith, "Influence of Landau Level

Broadening on the de Haas-van Alphen Effect," Phys. Rev. 136,

A1065 (19641.

Theses

Albert Goldstein, "The de Haas-vanAlphen Effect in High Magnetic

Fields," Ph.D., March 1965. S. Foner, Thesis Supervisor.

Samuel J. Williamson, "The de Haas-van Alphen Effect: Observation

in Arsenic and Graphite,"Ph.D., March 1965. S. Eoner,

Thesis Supervisor.
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10.0 Magnetic Resonance

Personnel

S. Foner

S. J. Williamson

E. McNiff, Jr.

H. Praddaude

Sponsorship

Air Force Office of Scientific Research, AF 49{638}-1468

Research Report

Detailed cyclotron resonance observations have been made in

single crystal and pyrolytic graphite at 4.2°K and below at 35 Gcps with

a reflection cavity spectrometer. Both first and second harmonic detec-

tion has been used in order to increase the resolution of previous experi-

ments performed in the late 1950's. The results show that the cyclotron

resonance can be explained solely on the basis of resonances from majority

holes near point K in the Brillouin zone. A sequence of resonance lines is

observed at harmonics which are predicted by quantum mechanical calcula-

tions. More detailed analysis is currently being carried out in line shapes.

The present interpretation is in agreement with the recent investigations by

de Haas-van Alphen effect magneto-optical work and various other experi-

ments in graphite, which have elucidated in detail the band structure of this

material. The interpretation is in disagreement with previous interpreta-

tions which invoked two carriers. The 35 Gc bridge has been modified with

a new technique which permits detection equivalent to at least an order of

magnitude improvement in sensitivity resulting in even higher resolution

and a considerably greater range for the data.

Ferrimagnetic resonance has been examined in europium-iron

garnet in collaboration with Dr. LeCraw of Bell Telephone Laboratories in

order to study line width variation with frequency. Measurements to 80 kG

and at 77°K have been made from 70 to 120 Gcps. An approximately linear

dependence is observed extending previous observations at the much lower

frequency range.

Further progress has been made with nuclear magnetic resonance

studies in high magnetic fields, using highly stabilized water-cooled sole-

noids. The analytic line shapes or Lorentzian signals broadened by modula-

tion has been completed. Experiments which combine helicon wave propag-

ation and nuclear magnetic resonance interactions have been initiated.



350

Pulsed field experiments have continued on doped _Fe203 single

crystals in order to study the effects of dilution on the antiferromagnetic

resonance which is very sensitive to both fine structure contributions and

dipole contributions. The results should provide additional proof that the

surprisingly low critical field in this matnetic material is caused by an

almost accidental cancellation of these two effects in_Fe203. Systems

with small amounts of aluminum, gadolinium, tin and silicon have so far

been studied from 4.2°K to the magnetic transition temperature which is

near Z60°K.

Public ations

S. J. Williamson, M. Surma, H. C. Praddaude, R. A. Patten and

J. K. Furdyna, "Cyclotron Resonance in Pyrolytic and Single

Crystal Graphite," resubmitted to Solid State Comm.

J. O. Artman, J. C. Murphy and S. Foner, "Magnetic Anisotropy in

Antiferromagnetic Corundum-Type Sesquioxides," Phys. Rev. 138,

A912 (1965).

S. Foner, "High Field Magnetic Moment and Antiferromagnetic Resonance

Measurements," Proc. Intl. Conf. on Magnetism, England,

p. 438 (1965).

S. J. Williamson and S. Foner, "Antiferromagnetic Resonance in Systems

with Dzyaloshinsky Moriza Coupling: Orientation Dependence in

aFe203," Phys. Rev. 136, All0Z (1964).

H. C. Praddaude, "Sweep of Low Impedance Iron Core Magnets Down to

Zero Field," Rev. Sci. Instr. 36, 1644 (1965).

J. O. Artman, J. C. Murphy and S. Foner, "Magnetic Anisotropy in

Antiferromagnetic a-(Cr 1 -fAlf)zO 3 , " 1 lth Annual Conference

on Magnetism and Magnetic Materials, J. App1. Phys. Suppl.

36, 986 (1965).

S. Foner and S. J. Williamson, "Low Temperature Antiferromagnetic

Resonance inaFe20 3,'' 10th Annual Conference on Magnetism

and Magnetic Materials, J. Appl. Phys. Suppl. 366, 1154 (1965).

R. Arndt, "Analytical Line Shapes for Lorentzian Signals Broadened by

Modulation," J. Appl. Phys. 36, 25Z2 (1965).
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1 i. 0 Wave Propagation in Solid State Plasmas

Personnel

J. K. Furdyna

R. _=. Arndt

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

Considerable progress in studies of the helicon wave propagation

in semiconductors at 35 Gcps has been made. The various techniques for

microwave helicon interferometry in semiconducting plasmas has been

analyzed and demonstrated with several notable improvements over the

Fabry-Perot technique. Interferometric studies of helicon dispersion and

hole damping in intrinsic InSb have been completed over a wide range of

temperatures. In addition Hgre and the elemental semiconductors, Ge,

Si and Te have shown helicon wave propagation. Measurements have been

extended to the liquid helium range where studies of quantum effects in

InSb have been pursued. Variations in the attenuation corresponding to the

Shubnikov-de Haas effect have been observed in highly doped indium an-

timonide samples and the spin-splitting effects have permitted evaluation

of the g-values in these materials. In addition, a number of experiments

have been pursued in semiconducting powders. When helicon or Alfven

waves propagate through the solid state plasmas one again has the possi-

bility of introducing radio frequency fields in the bulk of the conducting

medium, and therefore one can study two effects: first, the propagation

of these radio frequency fields in the bulk of the material and seondly, the

interactions between the helicon and Alfven waves with phonons, magnons,

etc.

Radio frequency techniques from 5 Mcps to several hundred mega-

cycles have also been studied in semiconductors and metals. Experiments

are in progress to observe the interaction of helicon waves with nuclear

spins in several systems. Wave guide effects in rf transmission have also

been observed and analyzed in detail.

Finally, microwave miniature coaxial techniques have been de-

veloped for measurements in the 12 to 18 Gcps region. The same system

is useful for extension to much lower frequencies. A variety of new

materials are currently being examined in high magnetic fields.
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Publications

J. K. Furdyna, "Microwave Helicon Interferometry in Semiconductor

Plasmas," resubmitted to Rev. Sci. Instr.

M. Surma, J. K. Furdyna and H. C. Praddaude, "Alfven Wave

Propagation in Pyrolytic and Single Crystal Graphite, "

Phys. Rev. Letters 13, 710 (1964).

J. K. Furdyna, "Interferometric Measurement of Microwave Helicon

Dispersion and the Hole Damping Effect in Instrinsic InSb, "

Phys. Rev. Letters 14, 635 (1965}.
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12.0 Magnetic Moment Measurements at High Magnetic Fields

Personnel

S. Foner

E. McNiff, Jr.

M. Schieber

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-!468

Research Report

Magnetic moment measurements have been extended to high

magnetic fields using vibrating sample magnetometers in superconducting

magnets to 80 kG and a modified form of vibrating sample magnetometer

suitable for operation in the water-cooled solenoids for fields above 80 kG.

Many of these magnetic measurements are closely related to Mgssbauer

investigations. The combined magnetic moment and M6ssbauer measure-

ments have permitted the elucidation of effects in several systems. In

particular, the magneto-electric and piezo-electric system GaFeO 3 has

been studied in both powders and single crystals by both techniques. The

magnetic moment measurements indicate that at 4.2°K this system satu-

rates and in fact is ferrimagnetic in agreement with the observations of

M6ssbauer spectroscopy experiments. The results are thus in disagree-

ment with previous interpretations which implied a canted magnetic

structure.

High field magnetic measurements in iron and nickel have been

made both in superconducting magnets and in water-cooled solenoids up to

150 kG in order to study the high field susceptibility. The results have

direct bearing on the band structure in both of these systems. Results in

iron show a very small susceptibility in agreement with the Mossbauer

results. A small susceptibility is also observed in nickel over this field

range which is consistent with the previous limits set by Kapitza with

pulsed fields. The present techniques can be applied directly to a number

of other systems including the rare earth metals.

High field properties of polycrystalline Eu30 and EuGd204 have

also been studied up to 80 kG as well as powders of A1FeO 3 which is

isomorphous with GaFeO 3 and is piezoelectric. In addition to magnetic

measurements in A1FeO 3, experiments currently are in progress to ex-

amine the magnetoelectric properties of this class. Magnetic properties

of new rare earth single crystals are also being examined.
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Publications

M. Schieber, C. C. Linand J. J. Van Vleck, "The Magnetic Behavior

of Thulium Garnets in a Cubic Field, " submitted to J. Phys.

Chem. Solids.
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13.0 RF Size Effects

Personnel

S. Foner

E. McNiff, Jr.

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

RF size effects have been observed both with the superconducting

and the water-cooled solenoids using gallium thin plates. A periodic size

effect has been studied over a wide field range and shown to be periodic up

to approximately 95 kG where the Shubnikov-de Haas effect wipes out the

periodic data. The effect appears to be a Sondheimer size effect. The very

complex nature of the Fermi surface has precluded identification of the par-

ticular pieces of Fermi surface involved mainly because so many different

extremal orbits have been observed. A useful application of this effect has

been obtained by combining this size effect with nuclear magnetic resonance

in the radio frequency range. In this way a self-calibrating probe which

produces periodic indications of applied fields accurate to at least a percent

has been obtained.
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14. 0 M6ssbauer Studies

personnel

N. A. Blum

R. Frankel

A. J. Freeman

Prof. S. G. Cohen (Visiting Prof., Physics)

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

New results have been obtained in several different areas using

MSssbauer techniques together with both the high-field 140 kG water-cooled

solenoid and the 80 kG superconducting solenoid. The magnetic ordering

of the iron atoms in the magneto-electric compound Ga2_xFexO 3 has been

shown to be ferrimagnetic contrary to previous expectations. At low tem-

peratures the zero external field absorption spectra indicate that there are

at least two magnetically non-equivalent sites. In a large external magnetic

field the hyperfine spectrum lines corresponding to Am = 0 vanish, while

each of the outer lines (corresponding to Am = ± 17 splits into two well-

resolved components of unequal intensity. Detailed analysis of the experi-

mental results for both the single crystal and polycrystalline absorbers

indicates that at zero external field all spins lie in the a-c plane (c < a < b),

that the observed moment is due to ferrimagnetism, and that the spins are

unequally divided between the two sublattices in the ratio approximately 3:2.

Similar studies on the compound Al2_xFexO 3 show that it is also ferrimag-

netic with the two iron sites having nearly equal occupations. Magnetization

measurements (performed on a sample with x_ l) give a very low magnetic

moment at least one order of magnitude smaller than that observed on

GaFeO3; this result is consistent with the M6ssbauer results which show

AIFeO 3 to be a weak ferrimagnet. Other materials studied in this program

of investigating various magnetic iron compounds include: CaFeO4,

KFellOl7, Ca(Fe l%)Cr204, Fe2SiO 4, Y3Fe5Oiz and LiFeO Z. All of

these show interesting magnetic behavior, and in several cases important

new results have been obtained.

Experiments to study the high field susceptibility of metallic iron

have been produced at liquid helium temperatures in external fields up to

140 kG usingMSssbauer techniques. The result, X = 0.2 + .7 x 10 -4

emu/cc, is in agreement with the results of high field magnetization
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experiments performed at this laboratory. This allows comparison with

the predictions of band or collective electron theory and has relevance in

deciding between itinerant and localized models of ferromagnetism.

An investigation of the isomer shift in the 2 + to 0 + 100 Key transi-

tion from W 182 observed between tungsten metal and the hexachiorlde shows

that the mean square radius of the 2 + rotational state is greater than that of

the 0 + state. This result would be expected from a centrifugal stretching

effect and is in essential agreement with recent calculations which take

Corioiis un-pairing effects into account. New re_ult_ have b_en obtained

in our studies of localized magnetic moments associated with dilute iron

in various transition metals and alloys. In particular, we have observed

that the field induced at the iron nucleus in gold and copper host materials

follows a Brillouin function of Ho/T for a given value of H o, but that there

is a different Brillouin function for each value of H such that H sat in-
o

creases with increasing H •
O

Publications

R. B. Frankel, N. A. Blum, S. Foner, A. J. Freeman and

M. S. Schieber, "Ferrimagnetic Structure of Magneto-Electric

Gaz_xFexO 3, " submitted to Phys. Rev. Letters.

S. G. Cohen, N. Blum, Y. W. Chow, R. Frankel and L. Grodzins,

"Isomer Shift Measurement in W 182, " submitted to Phys. Rev.

Letters.

S. Ofer, E. Segal, I. Nowik, E. R. Bauminger, L. Grodzins,

A. J. Freeman and M. Schieber, "Hyperfine Interactions

in the Ground State and 22_ keV State of Sm 149 in Ferrimagnetic

Compounds of Samarium, " Phys. Rev. 137, A627 (1964}.

N. Blum, A. J. Freeman and J. W. Shaner, "Mossbauer Studies of

Spin Flop in Antiferromagnetic Hematite, " 10th Annual Conf.on

Magnetism and Magnetic Materials, J. Appl. Phys. Suppl. 36,

1169 (1965).

N. Blum and L. Grodzins, "Sign of the Magnetic Hyperfine Field in

Dilute Iron Alloys Using the M6ssbauer Effect, " Phys. Rev. 136,

A133 (1964).

Thesis

Norman Blum, "High Field M6ssbauer Study of Localized Magnetic

Moments in Metals," PhD. , December 1964. A. F. Freeman,

Thesis Supervisor.
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15. 0 Superconductivity

Personnel

E. Maxwell

R. Meservey

R. R. Oder

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

The techniques of observing flux quantization in multiply connected

systems have been extended and refined. Experiments are also underway

to look for higher order quanta associated with the possible existence of

"Cooper quadruplet" and other higher order groupings of electrons in the

superconducting state. Some recent studies of Josephson tunnelling have

revealed interesting temperature dependent effects whose significance is

being unravelled with the collaboration of the Theoretical Croup.

Work has continued on the ac dissipative mechanisms in type II

superconductors in the presence of swept dc fields. It was shown that the

dissipative effects are independent of the field itself but depend only on the

time rate of change of the field. It was concluded that surface phenomena

play a dominant role in these phenomena. Some magnetization studies were

also conducted on some Mo-Re alloys and the temperature dependence of the

critical fields compared with the various theories. Reasonable agreement

withMaki's theory was found. Microwave studies of type II materials have

recently been initiated.

Publications

E. E. H. Shin, "Umklapp Contribution to Bulk Absorption in

Superconductors," Phys. Rev. 136, A889 (1964).

R. H. Meservey, "Measurement of the Absolute Value of the Penetration

Depth Using Flux Quantization, " 9th Annual Low Temperature

Conference, Columbus, Ohio, Aug. 31-Sept. 4, 1964. To be

published in Proceedings.

E. Maxwell and W. P. Robbins, "Rate-Dependent Dissipation in Type II

Superconductors in Swept D.C. Fields," submitted to Phyics

Letters.
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Thesis

William Robbins, "Dynamic Properties of Type II Superconductors in

Time-Varying Fields," S.M., June 1965. E. Maxwell, Thesis

Supervisor.
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16.0 Properties of Liquid Helium

Personnel

C. E. Chase

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

The existence of a singularity in the specific heat at a constant

volume, C v, of fluids at the critical point requires that there should be a

corresponding singularity in the adiabatic compressibility, K s . The
-I/Z

velocity of sound, given byu = (pK s) , should therefore go to zero. We

have accordingly measured the velocity of iMc/sec ultrasonics in 4He in

the critical region (T c = 5. 1994°K, Pc = 1718 mm Hg). The velocity does,

in fact, fall very rapidly as the critical point is approached from any direc-

tion, but the crucial region very close to the critical point is obscured by

very high attenuation. We can nevertheless deduce the existence of a zero

in U from the fact that the quantity p/u 2 appears to have a logarithmic

singularity at the critical point.

In connection with the above work we have also carried out some

theoretical studies of the equation of state. These studies have led us to

the conclusion that the usual variable-p, V are inconvenient ones, and that

the behavior of fluids in the critical region is much more readily describ-

able in terms of the "natural" variable M,p (where _ is the chemical poten-

tial). In terms of these variables, even a simple Taylor expansion gives

a surprisingly good approximation to the eqUation of state of 311e and 4He,

in spite of the fact that the critical point is known to be a non-analytic point.

We are currently investigating some empirical non-analytic expressions in

an attempt to improve the fit. It is expected that such expressions may be

of some heuristic value to more fundamental studies of the critical region.

Finally, we have begun direct experimental investigations of the

equation of state of 3He by means of dielectric constant measurements.

These measurements yield values of the density p (P, T) if it is assumed

that the Clausius-Mosotti relation, holds with constant polarizability. This

condition is satisfied "for other fluids to better than our present accuracy.

We have so far studied a number of isotherms passing close to the critical

point, and plan to extend our measurements both to the region T > T c and

to the coexistence curve in the near future.



SECTION E - NATIONAL MAGNET LABORATORY 361

Apparatus is currently being constructed for the study of the

motion of ions in 4He below l°K and in high magnetic fields. Such measure-

ments will serve two purposes: (1) the ionic mobility can be determined

from measurements of the magnetic deflection of an ion beam; (2) if the ion

is attached to a vortex ring (as appears to be the case for ions of appropri-

ate energies) the Magnus force should produce a component of the ion de-

flection parallel to the magnetic field. The existence of such a component

would confirm the existence of ion-vortexing complexes and establish the

reality of the Magnus effect in liquid helium II, a subject which has recently

been brought into question.

Theoretical studies of superfluid phenomena have included an

investigation of the flow of an irrotational fluid in a Venturi tube and de-

rivation of the complete two fluid equations of a superconductor by means

of a variational treatment.

Publications

C. E. Chase and R. C. Williamson, "Ultrasonic Propagation Near the

Critical Point in Helium, " 9th Annual Low Temperature

Conference, Columbus, Ohio, Aug. 31-Sept. 4, 1964. To be

published in Proceedings.

C. E. Chase and R. C. Williamson, "Ultrasonic Investigation of Helium

Near Its Critical Point," Proc. Conference on Phenomena in the

Neighborhood of Critical Points, National Bureau of Standards,

Washington, D.C., April 5-8, 1965.

C. E. Chase, "Critical Reynolds Number for Thermal Counterflow in

Liquid Helium II, " Symposium on Superfluid Helium, Scotland,

Aug. 25-28, 1965. To be published in Proceedings.

M. H. Crozier, "Magnetic Bubble-Trapping in Liquids," submitted to

J. Appl. Phys.

C. E. Chase and G. O. Zimmerman, "Dielectric Constant of 3He in the

Critical Region, " Phys. Rev. Letters 15, 483 (1965).

R. Meservey, "Non-Linear Two-Fluid Equations for a Superconductor,"

Phys. Rev. Letters 15, 248 (1965).

R. Meservey, "Superfluid Flow in a Venturi Tube," Phys. Fluids 8,

1209 (1965).

L. Tisza and C. E. Chase, "Equation of State of 4He in the Critical

Region," Phys. Rev. Letters 15, 4 (1965).

C. E. Chase, R. C. Williamson and L. Tisza, "Ultrasonic Propagation

Near the Critical Point in Helium, " Phys. Rev. Letters 13,

467 (1964).
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Thesis

R. C. Williamson, "Ultrasonic Propagation Near the Critical Point in

Helium," Ph.D. , August 1965. C. E. Chase, Thesis Supervisor.
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17.0 Low Temperature Physics

Personnel

E. Maxwell

R. R. Oder

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

Further work has been done on the temperature oscillation tech-

nique for studying temperature dependent magnetic effects. A new appara-

tus was constructed for observing phenomena in high magnetic fields.

Initial studies are now being made on ferromagnetic systems and type II

superconductors. Further work is planned on de Haas-van Alphen mate-

rials and antiferromagneties.

Work was carried forward in the production and use of ultra low

temperatures. Using a four inch Bitter solenoid and a single state adiabatic

demagnetization apparatus, magnetic temperatures of the order of 3 milli-

degrees were reached. The current and future effort will be directed to

improving the technique and applying it to studying metals, superconductors

and He 3 properties in this interesting temperature region. Considerable

attention will be given to the determination of the absolute temperature

scale.

Public ations

A. A. Thiele, W. M. Whitney and C. E. Chase, "Ultrasonic Propagation

in Solid Methane, " 9th Annual Low Temperature Conference,

Columbus, Ohio, Aug. 31-Sept. 4, 1964. To be published in

Proceedings.

R. R. Oder and E. Maxwell, "Temperature Oscillation Method for

Observing de Haas-van Alphen Oscillations and Other Magnetic

Phenomena," Phys. Letters 19, 108 (1965).

E. Maxwell, "Mutual Inductance Bridge for AC Susceptibility Measurements

at Low Frequencies," Rev. Sci. Instr. 36, 553 {1965).

Thesis

Robin R. Oder, "A New Thermal-Wave Technique for Studying Magnetic

Phenomena Occurring at Low Temperatures, " Ph.D. , Aprii 1965.

E. Maxwell, Thesis Supervisor.
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18.0 Effective Conduction-Electron-Local-Moment Exchange

Interaction in Metals: Rare-Earth Interband Mixing

Personnel

A. J. Freeman

A. Furdyna

R. Sheshinsky

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

The effective diagonal-exchange parameter Jeff(0) which deter-

mines the exchange splitting of a metal's Fermi-surface conduction elec-

trons, has been investigated witha model involving simple orthogonalized-

plane-wave conduction-electron orbitals and rare-earth ion cores. The

positive exchange integral and negative interband mixing contributions to

Jeff(0) have been estimated for the rare earths as a function of nuclear

charge Z. The results indicate that interband mixing may dominate,

causing a net negative conduction-electron polarization, in agreement with

a number of experiments. The interband mixing, and hence the sign of

Jeff(0), is found to be very sensitive to conduction-electron character. The

results also indicate that, for ions other than spherical Gd, the parameter

Jeff(0) will vary strongly with conduction-electron K direction (with respect

to the J of the rare-earth ion) and may even involve a variation in sign.

Such anisotropies in Jeff(0) and the non-diagonal Jeff(q) parameters should

be a significant source of anisotropies in the conduction-electron spin

distribution.

Publications

A. J. Freeman and R. E. Watson, "Nonlinear Shielding in Rare Earth

Crystal Field Interactions," 10thAnnuaiConference on Magnetism

and Magnetic Materials, J. Appl. Phys. Suppl. 36, 928 (1965).

D. E. Ellis and A. J. Freeman, "Covalency and Magnetic Properties of

3d Ions," Proc. International Conference on Magnetism, England,

p. 335 (1965).

A. J. Freeman and R. E. Watson, "Hyperfine Interactions in Magnetic

Materials," Magnetism, Vol. IIa, Academic Press, N.Y., 1965,

pp. 167-305.
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A. J. Freeman and R. E. Watson, "Nonlinear and Linear Shielding of

Rare-earth Crystal Field Interactions, " Phys. Rev. 139, 1606

(1965).

R. E. Watson, S. Koide, M. Peter and A. J. Freeman, "The Effective

Conduction Electron-Local Moment Exchange Interaction in

Metals: Rare Earth Interband Mixing," Phys. Roy. 139, A167

(1965).
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19.0 Quantum Theory of Transport

Personnel

E. E. H. Shin

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

A quantum transport theory has been developed and applied to

interband and intraband electronic transitions in metals and semiconduc-

-i
tots to calculate the line-width 7 as a function of the applied magnetic

field H, frequency _0, and temperature T. For this, the electron impurity,

electron-phonon, and electron-optical phonon contributions are considered.

It is found that T is, in general, strongly dependent on H. For example, in

-1 -l

the quantum limit, Tphonon is proportional to H and Tim p is proportional to

H -3/Z. At present there are two alternative forms for the electron-optical

phonon matrix elements. It is found that these two matrix elements give

substantially different H-dependences in the quantum limit (i.e. , propor-

tional to H I/2 and H3/Z). This may be used as a basis for establishing the

correct electron-optical phonon matrix element. The electron-phonon

lifetime 7phon is weakly dependent on _. But Timp is strongly dependent

on _ in the high frequency limit.

-1
Like _" , its imaginary counterpart £¢ (which is the self energy

correction for the one-electron energy) is also strongly dependent on the

magnetic field. Sometimes Ac may also depend strongly on frequency _.

The effect of the H-and _-dependence of A_ appears most significantly near

the absorption edge. It is suggested that any observed anomaly near (or

below) the absorption edge is very likely due to the contribution of A_.

Publications

N. J. Horing, "Quantum Theory of Electron Gas Plasma Oscillations in

Magnetic Field," Annals of Phys. 31, I (1965).

J. Zak, "Wiedemann-Franz Law in the Quantum Limit for Isotropic

Scattering," J. Chem. Solids 26, I021 (1965).
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20.0 Theory of Conduction Electron Polarization in Metals

Personnel

A. J. Freeman

A. Furdyna

R. Sheshinsky

Sponsorship

Air Force Office of Scientific R_search, AF 49(638}-1468

Research Report

M_ssbauer effect, nuclear magnetic resonance, electron spin

resonance, neutron diffraction, and other measurements have supplied both

direct and indirect information concerning the magnetic polarization of con-

duction electrons in alloys, pure metals and intermetallics containing local

(electronic} magnetic moments. Our understanding of these observations

is based mainly on the familiar Ruderman-Kittel-Kasuya-Yosida {RKKY}

theory of conduction electron exchange polarization. In addition to treating

the conduction electrons as free electrons, applications of this theory

commonly make drastic simplifying assumptions concerning the analytic

character of the local moment-conduction electron exchange coupling,

J{Q). Any observed discrepancy between theory and experiment is usually

ascribed to the susceptibility function which appears in the theory. We have

investigated the character of J{Q} and find strong differences from any

previously assumed Q dependence. This causes spin density distributions

which differ severely from the traditional RKKY predictions. In particular,

significant spin densities may occur at near neighbor ion sites without the

huge densities at the origin predicted by conventional application of RKKY

theory. In some senses these changes are more severe than the spin den-

sity modifications recently ascribed to the susceptibility function in order

to obtain agreement between theory and experiment.

To give a realistic representation for the spin distributions induced

in free electron-like' conduction bands by local (rare-earth) electronic

moments, we have also investigated quantitatively the effect of interband

intermixing, in addition to the more familiar RKKY expansion polarization

terms described above. This former include {1) effective exchange terms,

arising from the interband mixing, which contribute to both the average

induced spin density and its spacial distribution; and {Z) direct interband

admixture terms which affect only the spacial distribution (and affect

neither the average density nor the density at the origin of the impurity
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moment). The results are found to be sensitive to the conduction electron

Fermi wave vector, kF: in some cases, the admixture terms have little

effect on the spin distribution outside of the impurity site; in others, they

produce spin density oscillations which are large in amplitude compared

with the RKKY result.

Publications

R. E. Watson and A. J. Freeman, "Conduction-Electron Polarization

in Metals," Phys. Rev. Letters 14, 695 (1965).
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21.0 Electronic Band Structure, Fermi Surfaces

and Properties of Rare-Earth Metals

Personnel

A. J. Freeman

A. Furdyna

R. Sheshinsky

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

The energy bands of the rare-earth metals lanthanum, gadolinium,

thulium and lutetium were determined by means of the augmented plane

wave method. The calculations show that the bands near the Fermi energy

are of mixed s-d character, originating from atomic 5d and 6s states, are

relatively flat and yield a high density of states. In each case a complete

density of states and Fermi energy were determined in an ab initio way and

the resulting Fermi surfaces for gadolinium and thulium were constructed.

All of the hole surface was found to reside in the third and fourth zone using

the double zone representation. From these results we have been able to

predict a number of the electric, magnetic and optical properties of these

metals which appear to be in good agreement with experiment. For example

we have determined the selection rules for interband optical transitions

both with and without spin-orbit coupling included for the symmetry points

in the Brillouin zone. This results in the prediction of considerable polari-

zation dependent structure in the optical absorption and reflectivity of rare-

earth metals in the infrared and visible regions. An anomaly also should

exist in the u.v. region due to transitions between the 4f levels and the

conduction bands above the Fermi energy. In Gd this anomaly is expected

to occur at about 7 eV. Since the heavy rare-earth metals all order mag-

netically at low temperatures, an additional anomaly may arise due to

transitions between magnetically split energy bands. Estimates of the

energies of these splittings were made and comparison with the energies

of the infrared structure observed by Schuler in Ho and by Cooper and

Redington in Dy showed good agreement.



370

Publications

A. J. Freeman, J. O. Dimmockand R. E. Watson, "Electronic Band

Structure and Optical Properties of Rare-Earth Metals, " Optical

Properties and Electronic Structure of Metals and Alloys Conf. ,

Paris, France, Sept. 13-16, 1965.

A. J. Freeman, J. O. Dimmock and R. E. Watson, "Fermi Surface

Magnetic Ordering and Electrical Properties of Rare-Earth

Metals," submitted to Phys. Rev. Letters.

J. O. Dimmockand A. J. Freeman, "Band Structure and Magnetism of

Gadolinium Metal," Phys. Rev. Letters 13, 750 (1964).

J. O. Dimmock, A. J. Freeman and R. E. Watson, "Band Structure of

Gadolinium Metal, " 10th Annual Conference on Magnetism and

Magnetic Materials, J. Appl. Phys. Suppl. 36, 1142 (1965).
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22.0 Dynamicsof a Bloch Electron in

Magnetic and Electric Fields

Personnel

j. Zak

H. Praddaude

W. Zawadzki

B. Lax

Sponsorship

Air Force Office of Scientific Research, AF 49(638)-1468

Research Report

The Schrodinger equation for a Bloch electron in external fields

has been rewritten in a form that allows a simple separation of the periodic

from the non-periodic part of the wave function. Using a simplified two

band model, suitable for light holes and electrons we have found that there

is no singularity as the magnetic field approaches zero if the two bands are

considered simultaneously in a suitable approximation. The resultant

equation for the eigenvalues takes a form that resembles a Klein-Gordon

type equation. From this we have been abie to show that: (a) there exists

a critical value of the magnetic field below which Landau levels do not

exist, and (b) the character of the solution and eigenvalues are of the type

that occur when only an electric field is present.

In a separate investigation, a criterion has been derived for the

applicability of the effective mass approximation to the dynamics of Bloch

electrons in crossed magnetic and electric fields. The criterion is
eEa
_s--_ < < 1, where eEa is the energy the electron gains in the electric field

over the length of one unit ceil and _w* is the energy between Landau levels.

Finally, symmetry adapted functions have been used for con-

structing solutions of an electron in both a periodic potential and a constant

magnetic field. The problem of infinite degeneracy is reduced in this way

to one with finite degeneracy and the secular equation also becomes finite.

The connection of the soiutions of the configuration with magnetic break-

down and Landau level broadening is under investigation.

Publications

J. Zak and W. Zawadzki, "Effective Mass Approximation for Electrons in

Crossed Electric and Magnetic Fields, " submitted to Phys. Rev.
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H. C. Praddaude, "Bloch Electrons in External Electric and Magnetic

Fields," Phys. Rev. 140, A1292 I1965).

J. Zak, "One Dimensional Equation for a Two-Dimensional Bloch

Electron in a Magnetic Field," Phys. Rev. 136, A1647 (1964).
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23.0 Cooperative Programs

About fifty percent of the magnet running time during the year was

used by scientists from other MIT laboratories and from other institutions

from throughout the world. A brief description of some of these programs

is given here. Drs. M. S. Dresselhaus and J. G. Mavroides of the Lincoln

Laboratory have continued their fruitful studies of semimetals by magneto-

reflection techniques and in cooperation with Professor A. Javan's group at

M!T have greatly improved the resolution of these measurements by using

gas laser sources. Dr. J. M. Honig of the Lincoln Laboratory has studied

the high field magnetoresistance and Hall effect in titanium oxides. Dr.

R. H. Rediker and co-workers also from the Lincoln Laboratory have

studied lead salt diode lasers in fields up to 100 kG. Professor R. C.

Young of Iowa State University has deduced new properties of the Fermi

surfaces in thallium and tin from high field magnetoresistance measure-

ments. Dr. R. L. Chopra of the Ledgemont Laboratory of the Kennecott

Copper Company studied the magnetoresistance of thin single crystal metal

films in fields up to 135 kG. Professor R. V. Jones and F. C. Rossol of

Harvard have been measuring the high field magnetic properties of dyspro-

sium single crystals. Dr. W. Lonc of Regis College and the University of

Toronto has measured magnetoresistance in single crystal and polycrystal-

line boron. Oscillatory magnetoreflection data in cadmium arsenide have

given values of the effective mass and band gap. This work was done by

Dr. E. D. Haidemanakis of the Ecole Normale Superieure, Paris in

cooperation with Drs. M. S. Dresselhaus and J. G. Mavroides of the

Lincoln Laboratory. Again this year NML was the center for measure-

ments of the critical fields of superconductors in the range from 100 to

225 kG. Many groups from academic and industrial laboratories made

these measurements in cooperation with NML's Magnet Research and

Development Group. Of special interest was the first measurement in

continuous fields of the critical field of V3Ga prepared by Professor

E. Sauer of the University of Giessen (West Germany}. The measured

critical fields of 180 to 195 kG were considerably less than earlier

estimates. A group from the new NASA Electronics Research Center

has studied magnetoresistance and tunnelling in semiconductors in fields

up to 145 kG.
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SECTION F

INSTRUMENTATION LABORATORY

The Instrumentation Laboratory a division of the Department of

Aeronautics and Astronautics, is a defense research organization devoted

to research and development on inertial guidance and space navigation

systems. The following research on materials was undertaken in support

of several of these guidance and navigation contracts.

Sponsorship

The Instrumentation Laboratory is sponsored

by a number of agencies of the United States

Government, which are listed under each

subheading.
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INSTRUMENTATION LABORATORY

Personnel

Professor C. S. Draper, Professor, Aeronautics and Astronautics,

Director, Instrumentation Laboratory

F. Houston, Deputy Director

R. Woodbury, Deputy Director

P. N. Bowditch, Associate Director

W. G. Denhard, Associate Director

M. S. Sapuppo, Associate Director

Dr. E. B. Dane, Deputy Associate Director

A. P. Freeman, Deputy Associate Director

E. J. Hall, Deputy Associate Director

Research Staff Members

Dr. S. Allen

A. C. Edwards

M. E. Goodwin

C. H. Hanson

W. H. Keating

C. H. Maynard

J. J. McCarthy

Dr. A. O. Mirarchi

R. L. Morey

J. R. Palmieri

B. Rockower

M. Roberts

R. J. Schiesser

H. B. Singer

J. R. Stemniski

K. Taylor

D. C. Whipple

Sponsorship

Listed under subheadings
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I. 0 Epoxy ResLns

Personnel Stemniski, Carter, Walsh

Sponsorship

Air Force Ballistic Systems Division through USAF Contracts

AF 04(694)-553, AF 33(615)-2243, and AF 04(694)-305

Research Report

Electronic, electromagnetic, and mechanical components of

sensitive specific force integrating receivers are potted with organic

resins to provide protective coatings or insulation from undesirable

elements. Sensitive components can be adversely affected by moisture,

dust, temperature changes, chemicals, and bacteria. Therefore,

protective materials must be selected to meet these specific require-

ments.

Experiments have been conducted on epoxy resins at the Instru-

mentation Labratory to determine density, viscosity, epoxy content,

hydrolyzalbe chloride content, shrinkage, stresses, potting properties,

sealing properties, thermal shock, and aging. The degree of curing

was measured by reflection and absorption of infrared radiation tech-

niques. Further, experiments have been conducted to measure the

deflection temperature of cured epoxy resins.

The thermal expansion of cured epoxy resins has been suspected

of reducing the magnetic permeability of potted electromagnetic com-

ponents. The amount of expansion is quite small and an instrument

used to measure this expansion must be very sensitive. A dilatometer,

model RCE 102 manufactured by Materials Technology, Inc., Natick,

Mass., is used to make these measurements at the Instrumentation

Labratory. Several refinements were made to the dilatometer to give a

degree of reliability to the results. A calibration standard, an aluminum

rod obtained from the National Bureau of Standards, is used to calibrate

dilatometer before measurements are made on unknown materials. A

magnetic deviation indicator was built to measure changes in magnetic

permeability of laminated stacks of hypernik and other electronic

components. This will prove to be a valuable tool in monitoring the
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formulation of future encapsulation agents.

Cast rods of experimental resin samples were tested for thermal

expansion. A series of conventionally filled epoxy resins failed to

yield thermal expansions in the desired range. The resins investigated

were mostly of the epichlorohydrin-bisphenol A type and were filled

with conventional fillers such as Lithafrax 2121.

Conventional resin systems do not meet the stringent demands

required of encapsulating agents. A novel system of a bisphenol A-

epichlorohydrin resin and sapphire (Al203) whiskers as a filler is

being contemplated for investigation. Recent reports in current

literature indicate that outstanding physical properties are obtained with

whiskers used as fillers. No reports as to thermal expansion of sapphire-

filled epoxy resins have been found. Experimental work is expected to

be done in this area.

2.0 Solvent for Cured Epoxy Resins

Personnel Stemniski

Sponsorshi_

Air Force Ballistic Systems Division through USAF Contracts

AF 04(694)-553, AF 33(615)-2243, and AF 04(694)-305.

Research Report

Occasionally, adhesives used for bonding metals must be re-

moved or dissolved. Removal of the epoxy-based resin, LCA-9

manufactured by Bacon Labratories, is of particular interest in the

manufacture of specific force integrating receivers. Cured epoxy-

based adhesives are almost impossible to dissolve in common organic

solvents. Solvents such as "Eccostrip 57" and other commercial

resin strippers are ineffective but do produce swelling of the cured

resin. Pure methylene chloride also causes swelling of the resin,

provided that the thickness of the adhesive layer is extremely small.

Dimethyl sulfoxide is about as effective as the chlorinated hydrocarbons.

The adhesive, which is usually hard and brittle, becomes soft and spongy

but does not dissolve. With solvent softening and mechanical force,

some bonds can be broken.
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3.0 Magnesium-Lithium Alloy Protective Coatin_

Personnel Stemniski

Sponsorship

Air Force Ballistic Systems Division through USAF Contract

AF 33(615)-2243.

Research Report

The use of magnesium-lithium alloy in place of beryllium metal

has been contemplated in the design of specific force integrating re-

ceivers due to the advantages of the alloy over beryllium metal. One

major disadvantage of the alloy is its oxidation in moist air. To protect

the alloy, a coating of Dow no. 17 anodizing was applied by the Dow

Metal Products Company. Full evaluation of this chemical treatment is

not available at this time because the experiments are still in progress.

4.0 Gyro Damping Fluids

Personnel Stemniski, Carter, Walsh

Sponsorship

Air Force Ballistic Systems Division through USAF Contracts

AF 04{694)-553, AF 33{615)-2243, andAf 04(694)-305.

Research Report

Modifications in gyro design result in changes in the fluid

requirements for damping and flotation. The requirements for a good

gyro fluid are many, but the two most important physical properties are

high density and low viscosity. Materials with very high densities are

most often solids. Fluids with densities exceeding 3.0 gm/cm 3 that

are very stable to extreme environmental conditions are very difficult

to obtain.

Candidate fluids with a high density and low viscosity were

screened for application in a new gyro design. It was found that in

order to meet these requirements, fluids must necessarily contain



38O

halogen atoms incorporated in single molecular system or in a polymeric

system. A single component fluid is more desirable primarily because

thermal diffusion is less likely. A narrow cut of a polymeric fluid is

acceptable although not desired due to the slight degree of thermal

diffusion.

A large number of halogen-substituted aliphatic and aromatic

hydrocarbons were screened as floation fluids. The fluids, which

appear to be useful as a result of this screening process, are l, 2-

dibromotetrafluorobenzene, perfluorodecalin, iodopentafluorobenzene,

and l 2, 3, 4- tetrabromoperfluorobutane. All of these fluids have high

densities (2-2.5 gm/cm 3) and low viscosities (circa 1 cs at 77°F).

The compatability of candidate fluids with gyro components will be

determined also.

In order to accurately measure the physical properties of density

and viscosity of candidate fluids the Instrumentation Labratory has been

equipped to run ASTM Standard Procedures D-1217 and D-445-64.

5.0

Personnel:

Sponsorship:

LIQUID LUBRICANTS IN VACUUM ENVIRONMENTS

R. Morey

NASA Contract NAS9-4065

A continuing program has been in operation on the use of methyl

chlorophenyl silicones as a lubricant in a vacuum environment. A

bearing rig was designed to test bearings under thermal vacuum conditions.

It was shown that bearings can be operated in vacuum at 10 -9 torr to

temperatures of 200°F. Although some degradation does occur, it is not

sufficient to preclude their use in sensitive areas.

Research Report
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6. 0 BERYLLIUM CORROSION

Personnel: R. Morey

Sponsorship: NASA Contract NAS9-4065

Research Report

_e_,l_u_, corrodes when a_uj=C_=u-"_=^"_= to _--I* spray testing and, -_

the surface is contaminated, also to cyclic humidity testing. Tests on

samples have shown that anodizing gives protection from corrosion. A

program is being conducted to determine the feasibility of anodizing

large, intricate beryllium shapes. The effects of various surface

finishes are being examined as are dimensioned changes and solution

throwing power.
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7.0 MATERIALS IN SPACE ENVIRONMENT

Personnel: Goodwin, Mirarchi

NASA Contract NAS9-4065Sponsorship:

Research Report

Optical filters consisting of various glasses and thin film layers

deposited thereon have been subjected to both electron and gamma ray

radiation doses of from 103 - 107 rads. Extent of damage has been

determined by the loss in transmission over the effective transmissivity

of the filter (3500 A°_= 200 A°}.
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8.0

Personnel:

Sponsorship:

MATERIALS IN SPACE ENVIRONMENTS

Mirarchi, Goodwin

NASA Contract NAS9-4065

Research Report

Application of low surface energy fluorinated aliphatic ester coatings

to various substrates has demonstrated excellent adhesion to even such

difficultly wettable surfaces as polyethylene and silicone rubber.

Additionally when applied to metallic surfaces subjected to corrosive

environments, satisfactory protection is obtained.

9. 0 MATERIALS IN SPACE ENVIRONMENTS

Personnel: Mirarchi, Goodwin

Sponsorship: NASA Contract NAS9-4065

Research Report

Test samples of a variety of organic materials selected for use

in the Apollo Command Module Spacecraft have been subjected to an

environment of 200°F, oxygen at 250 mm., water vapor at 25 mm..

Volatiles formed from this environment have been cryogenically trapped

and analyzed by mass spectrometer for possible toxocological hazard.
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10.0 MATERIALS IN SPACE ENVIRONMENTS

Personnel: Goodwin, Mirarchi

Sponsorship: NASA Contract NAS9-4065

Research Report

Various elastomers for use as pressure seals in the Apollo

Spacecraft have been evaluated. In addition to the usual physical

property measurements, emphasis Was directed to obtaining both low

temperature vacuum sealing and low outgassing at high vacuum. The

best combination of properties seem to be obtained with the Estane

thermoplastic urethane elastomers.

11.0 DIMENSIONAL STABILITY OF BERYLLIUM OXIDE

Personnel:

Sponsorship:

B. Rockower

Bureau of Naval Weapons, Dept. of the Navy under

Contract NOsp 64042-C

Research Report

A program is being conducted at Southern Research Institute,

Birmingham, Alabama to determine the precision elastic limit and

dimensional stability of beryllium oxide under tensile and compressive

loads. The program was established to obtain additional information

which may be used in designing gyro float parts from Be(3. Materials

being tested have been supplied by Brush Beryllium Corp., Elmore,

Ohio and Coors Porcelain Co., Golden, Colorado.
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12.0 GLASS ENCAPSULATED CERAMIC MOTOR STATOR

Personnel:

Sponsorship:

B. Rockower and D. C. Whipple

Bureau of Naval Weapons, Dept. of the Navy under

Contract NOsp 65178-C

Research Report

The ceramic motor stator was developed for use in inertial

reference integrating gyros to improve the accuracy of performance. In

the conventional motor stator, an organic type cement is used to bond

core laminations and an epoxy compound to encapsulate the windings.

In the ceramic stator, glass ceramic materials are used. A relatively

low-temperature arsenic glass is used to encapsulate the windings.

Glass ceramic materials are in general more stable than organic

cements or encapsulating materials in that they are less subject to

chemical change and deterioration over prolonged periods of time.

Publication:

B. Rockower and D. C. Whipple, "Glass Encapsulated Ceramic

Motor Stator Assembly for 25 IRIG Mod 3 Gyro", E-1814,

Instrumentation Lab., M.I.T., August 1965 (Confidential).

13.0 POTTING COMPOUNDS

Personnel: Schiesser, R. J.

Sponsorship: Air Force Avionics Labratory (RTD) through Contract

AF 33(615)-2243

Research Report

Potting compounds and techniques have been developed to prevent

loss of permeability in magnetic materials. Microsyns typically have

been encapsulated with a compound whose thermal-expansion rate was

greater than that of the core; in addition, the encapsulant required a

molding and curing temperature in excess of instrument operating



SECTION F - INSTRUMENTATION LABORATORY 385

temperature. At the lower operating temperature, contraction of the

potting compound imposed a compressive stress on the core and degraded

permeability. A variation in the compostion of the usual encapsulant

allowed curing of experimental microsyns below operating temperature

and produced a thermal coefficient more compatible with *-hemicrosyn

core. The new potting compound can be coupled with a low-temperature-

cure core-mounting adhesive to successfully bias the thermally mis-

matched materials within the housing. The stress situation is then reversed

and permeability _nh__nced by the conversion of compressive stress to

tensile stress. Further chemical modification of the new potting

compound provides a high heat-distortion temperature and allows thermal

cycIing without loss of tension on the eore. Variations in the

amount of filler material in the potting compound allow alteration of the

temperature-sensitivity slope (caused by component thermal mismatch)

to obtain the desired permeability ievei at a specific operating temperature.

Further material substitutions reduce mismatch and result in a high-

permeability electromagnetic component that is virtually insensitive to

temperature. Further work will center on an evaluation of the new

potting compound in operational hardware. The compound will continue

under refinement to achieve higher heat-distortion temperatures and

lower temperature sensitivities.

Publication: R.J. Schiesser

"Reduction of Permeability Losses in Encapsulated Microsyns, "

Instrumentation Labratory Report R-528, December 1965.

14.0 ADHESIVES

Personnel: Hanson, C. H.

Sponsorship: Air Force Avionics Labratory (RTD) through Contract

AF 33(615)-2243

Research Report

A depleted uranium- molybdenum alloy has been developed as a

high-density rim for use with a beryllium hub in gyro wheels. An

investigation is proceeding on the feasibility of epoxy bonding this
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depleted uranium-molybdenum rim to the hub; the ultimate bond strength,

effect of the naturally occurring residual radiation on the bond, and effect

of the uranium's oxidation coating on the bond are of particular concern

Preliminary findings with beryllium-to-uranium tensile specimens indicate

that bond strength is more than doubled when the oxidized coating on the

uranium is undisturbed. A beryllium-uranium pressure vessel survived

rigorous thermal cycling without significant deterioration of the adhesive

seals, indicating that the adhesive is compatible with depleted uranium on

at least a short-term (75-day) basis.

15.0 FLAME-SPRAYED GYRO WHEEL RIMS

Personnel: Schiesser, R. J.

Sponsorship: Air Force Avionics Labratory (RTD) through Contract

AF 33(615)-2243

Research Report

Angular momentum of a gyroscope wheel can be increased by the

use of a composite wheel composed of a heavy-metal rim and a lightweight

hub. Emphasis is focused on the development of a high-strength tungsten-

silver-copper mixture (56% tungsten 34.2% sterling silver+ 9. 8% silver)

flame-sprayed on a beryllium hub. This coating couples a near match of

the thermal-expansion coefficient of beryllium with physical properties

far superior to those of previous tungsten+ silver coatings. The

addition of sterling silver to the coating allows precipitation hardening,

which nearly doubles strength when compared to coatings without copper.

Although the problems involved in depositing the mixture on beryllium

have been solved, difficulties have been encountered with beryllium

cracking during the precipitation hardening. The coating is able to

withstand the thermal shock of a water quench after heating to 1300°F,

but the beryllium is highly prone to crack under these conditions. To

reduce the rate of temperature change during quench, without a prohibitive

trade-off in strength, an oil-quenching technique is being investigated.
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16.0 BEARING SURFACE MODIFICATION, CHEMICAL AND PRERUN

Personnel:

Sponsorship:

Singer, H. B. and Maynard, C. H.

Air Force Avionics Labratory (RTD) through Contract

AF 33(615)-2243

Research Report_

Improvement of ball-bearing surfaces has been achieved

through chemical coatings applied by holding the metal parts in hot TCP

(tricresyl phosphate). These coatings eliminate the surface deterioration

frequently encountered with prolonged boundary lubrication and in many

cases reduce friction under these conditions. Running bearings under

boundary conditions while immersed in recirculating filtered fluids can

improve the surface finish through the wearing-away of asperities and

chemical modification. This has been demonstrated with Varsol,

ethylene glycol, and TCP. The TCP prerunning both improves surface

finish and applies a beneficial coating, which has been demonstrated by

electrical resistance readings across the bearings, as well as by visual

examination and life testing.

17.0 LUBRICANTS

Personnel:

Sponsorship:

Roberts, M.

Air Force Avionics Labratory (RTD) through Contract

AF 33(615)-2243

Research Report

Teresso V-78, a paraffinic mineral oil with lubrieity, anti-

oxidant, and anti-foam additives, has been the almost universal lubricant

for gyro spin-axis bearings for the past twenty years. Since it is no

longer being produced, a program to develop a substitute with similar

capabilities has been initiated. The new lubricant should demonstrate

specific properties superior to those of V-78 and will be the precursor

of a new family of lubricants. The initial approach will be a paraffinic

Pennsylvania minerial oil super-refined to an extent commercially feasible



388

and incorporating lubricity and anti-oxidant additives. The new lubricant

will then be chemically evaluated and subjected to bearing tests

involving hydrodynamic and boundary conditions. Presently available

commercial lubricants are not held to adequately precise specifications

and may not have sufficiently repeatable properties. If successful, a new

family of lubricants will evolve from this program with a sufficient

viscosity range to allow prescription of a specific set of lubricant

properties for a particular design condition.

18.0 BALL-BEARING MATERIALS -- UNCONVENTIONAL HARDENING

OF STAINLESS STEELS

Personnel: Allen, S., Dane, E. B., Edwards, A. C., Palmieri, J. R

Sponsorship: NASA through Contract NAS9-3079

Research Report

Although metal fatigue is the principal failure mechanism in most

ball-bearing applications, this, because of lower stress levels, is

unimportant in gyro spin-axis ball bearings where surface phenomena

predominate. Generally, failure frequency can be reduced by refinement

of the ball-groove surface and microscopically smooth surfaces can be

more readily obtained in a given material when hardness and micro-

structure are improved. Methods of improving hardness, yield strength,

and structure of 440C and related steels beyond levels obtained by

conventional treatments are being investigated. Bearing parts have been

fabricated from material unconventionally hardened by strain aging,

ausforming, Malcomizing (a nitriding process), and some combinations

of these treatments. Refined ball-groove-finishing techniques are also

being developed. The ball-groove surfaces are being rated by microscopic,

metallurgical, and lubricant-film-gaging techniques -- and by a limited

amount of dynamic testing. Complete ball-bearing assemblies will be

fabricated from the two most promising material-hardening treatment

combinations thus selected. Life and other dynamic tests will be used to

confirm the improvement obtained by the unconventionally hardened

material and refined race finishing.
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19.0 BALL-BEARING MATERL&LS -- DIMENSIONAL STABILITY

Personnel:

Sponsorship:

Allen, S.

USAF through Contracts AF 04(694)-55_, AF 04(694)-305,

and AF 04(694)-305 S. A. No. 8

Research Report

To obtain the desired performance level over the life span of a

gyroscope, the spin-axis-bearing parts must exhibit a very low rate of

dimensional instability. Because of the increasing use of 440C, the

dimensional stability of that steel as well as the traditionally used 52100

were investigated. As used in gyroscopes, 52100 was found sufficiently

stable; but excessive dimensional changes were found in most commercial

440C bearing components. These dimensional changes occur with heating

of the finished components, which results in further tempering at the

surprisingly low temperatures of 200 - 300°F. Accelerated tests, based

on the Holloman-Jaffe tempering parameter, were used to develop heat

treatments that result in sufficiently stable 440C without appreciable loss

of hardness or corrosion resistance. Although residual stress may be a

factor, it appears that the tempering parameter does not adequately define

the dimensional changes and further investigation is warranted.

20.0 BALL-BEARING MATERIALS -- STEEL CLEANLINESS

Personnel:

,Sponsorship:

Allen, S. and Palmieri, J. R.

USAF through ContractAF 04(694}-553, AF 04(694)-305,

and NASA through Contract NAS9- 3079

Research Report

In contrast to the case of highly stressed ball bearings, inclusions

do not degrade gyro spin-axis ball-bearing life by inducing metal fatigue.

In spin-axis bearings, nonmetallic inclusions influence life by severely

limiting the obtainable degree of surface finish, thereby permitting

piercing of the required hydrodynamic lubricant film. In addition, these

nonmetallic inclusions may directly affect bearing life by chemically
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interacting with manufacturing abrasives and lubricants. Conventional

steel-bar-inspection techniques (such as metallographic, magnetic

particle, and ultrasonic inspection) were found insufficient in revealing

inclusions that cause high rejection rates during bearing manufacture.

A technique using specially honed stepdown bars was found to correlate

with rejection rates during bearing manufacture. Furthermore, the

technique shows a correlation between the presence of inclusion stringers

and certain steel-making practices. Therefore, special heats of steel

are being commercially obtained.
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21.0 GAS-BEARING MATERIALS

Personnel: Keating, W. H. and Taylor, K. A.

Sponsorship: Air Force Avionics Labratory (RTD) through Contract

AF 33(615)-2243

Research Report

Hydrodynamic gyro spin-axis gas bearings must be capable of

withstanding occasional high-speed contact and repeated low-speed rubbing

without significant damage. Solid-aluminum oxide running against tungsten

carbide continue to exhibit high reliability. Investigation of flame-sprayed

coatings on steel or beryllium base structures is continuing since they

allow greater flexibility of design (e. g. selection of base material for

machinability, coefficient of expansion). Difficulty has been experienced

with the integrity of the flame-sprayed chromium-oxide bond to the

stationary inner member of the gas bearing, and efforts to improve the

bond to beryllium are continuing.

Recent attention has been directed toward boron carbide as a

possible alternative to solid-aluminum oxide. Preliminary investigation

revealed that the published values of physical properties of boron carbide

appear to be superior to those of aluminum oxide.
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SECTION G

LINCOLN LABORATORY

The Lincoln Laboratory is a center for research

and development in advanced electronics, with

special emphasis on applications to national de-

fense and space exploration. Summarized here

is research in materials and related areas

originating primarily in the Solid State Division

of the Laboratory

Sponsorship

The Lincoln Laboratory is a center for research

operated by Massachusetts Institute of Technology

with the support of the U. S. Air Force under

Contract AF 19(628)-5167.



394

LINCOLN LABORATORY

SOLID STATE DIVISION

Personnel

Professor A. L. McWhorter, Division Head

Dr. P. E. Tannenwald, Associate Division Head

M. J. Hudson, Division Assistant

E. P. Warekois

Dr. D. T. Stevenson (Part Time)

T. C. Harman (Leave of Absence

Publications

The work of the Solid State Division is reported in detail in the

quarterly "Solid State Research Reports," Lincoln Laboratory, MIT

(1965, Nos. 1, 2, 3 and 4).

A. Bers and A. L. McWhorter, 'rAbsolute Instabilities with Drifted

Helicons," Phys. Rev. Letters 15, 755 (1965).

P. E. Tannenwald, "Multiple Stimulated Brillouin Scattering in Solids, "

Physics of Quantum Electronics, (Proceedings of the Physics of

Quantum Electronics Conference, San Juan, Puerto Rico,

28-30 June 1965) McGraw-Hill Book Company, New York, N.Y.,

(in press).

A. h. McWhorter, "Plasmon Scattering of Light and Stimulated Emission

of Plasmons in Solids," Physics of Quantum Electronics, (Pro-

ceedings of the Physics of Quantum Electronics Conference, San

Juan, Puerto Rico, 28-30 June 1965) McGraw-Hill Book Company,

New York, N.Y. , (in press).
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RESEARCH REPORTS

I. 0 Solid State Theory

Dr. H. J. Zeiger, Leader

Dr. M. M. Litvak, Assistant Leader

Staff Members

Dr. P. N. Argyres Virginia J. Mason

Dr. G. F. Dresselhaus W.C. Mason

Billie H. Houghton (Part Time} Nancy B. Rawson (Part Time}

Dr. T. A. Kaplan H.E. Stanley (Part Time}

Dr. P. L. Kelley P.H. Trent

Dr. W. H. Kleiner Dr. L. L. Van Zandt

Dr. D. M. Larsen

Research Report

A theory of photoelectron counting experiments using coherent and

incoherent sources of radiation has been developed.

A model of stimulated Stokes and anti-Stokes radiation has been

obtained based on the amplification of spontaneously emitted or scattered

Stokes radiation and the emission of anti-stokes radiation due to the

coupling of fields.

Effective mass calculations of the band structures of graphite,

antimony and bismuth have allowed the correlation of a large number of

experimental observations on these materials. In particular, magneto-

optical data, de Haas-van Alphen effect, Alfven wave propagation, and

other phenomena have been used to determine parameters in the effective

mass theory.

The band structures of Gd, Tin, La and Pd have been obtained by

an A. P.W. method, and the resulting bands have been found to differ con-

siderably from the usual free-electron model. The computed bands have

been compared with observed optical properties of the rare-earth metals.

A model has been constructed of the behavior of conduction and

valence bands in HgTe-CdTe alloy series, which seems to explain a number

of unusual properties of the system.

A new high temperature expansion technique for obtaining the

critical temperature associated with the susceptibility (q} allows a pre-

diction of ordering temperature and spiral pitch to be made for magnetic

systems.
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q

A generalization of the Onsager relations for magnetic materials

has been obtained.

It has been shown that the Hartree-Fock ground state of several

closed shell ions does not have the expected symmetry of the exact ground

state.

A theory of the piezoelectric polaron in a magnetic field has been

developed. A change in the polaron effective mass prediction of the cyclo-

tron frequency is found to occur for moderately high magnetic fields.

Calculations have been made of the focusing distance and intensi-

fications of a self-focused high power laser beam as observed in a number

of organic liquids. The self-focusing is due to an increase of the refractive

index of the medium, proportional to the local laser field intensity.

Publications

P. N. Argyres, "The Bohr-Sommerfeld Quantization Rule and the Weyl

Correspondence," Physics 2, 131 (1965).

G. mresselhaus, "Higher Order Corrections to the Molecular Field Theory

of the Magnetic State," Phys. Rev. 139, A855 (1965).

G. Dresselhaus and M. S. Dresselhaus, "Spin-Orbit Interaction in

Graphite," Phys. Rev. 140, A401 (1965).

T. A. Kaplan, "Spin Density of s-Electrons in Iron," Phys. Rev. Letters

14, 499 (1965).

T. A. Kaplan, "Determination of Magnetic Ordering in Heisenberg Magnets

from High-Temperature Expansions, '_ J. Appl. Phys. 36, l lZ9

(1965).

H. A. Haus, P. L. Kelley and H. J. Zeiger, "Generation of Stokes and

Anti-Stokes Radiation in Raman Media," Phys. Rev. 138, A960

(1965).

P. L. Kelley, B. Lax and P. E. Tannenwald, "Physics of Quantum

Electronics--A Conference Report," Physics Today 18, 58 (1965).

P. L. Kelley, "Self-Focusing of Optical Beams," Phys. Rev. Letters 15,

1005 (1965).

H. J. Zeiger, "Electrons and Holes in Semiconductors," The Molecular

Designing of Materials and Devices, Lecture Series, MIT Press,

edited by A. R. yon Hippel, p. 149 (1965).

P. N. Argyres, L. M. Roth, "Magnetic Quantum Effects," Chap. 7, Vol. I,

Physics of the III-V Compounds, Academic Press (in press).

P. N. Argyres, "Theory of the Method of Kinetic Equations for Quantum

Systems, " Summer Institute for Theoretical Physics Lectures,

University of Colorado, Vol. VIII (in press).
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G. Dresselhaus, M. S. Dresselhaus and J. G. Mavroides, "Spin-Orbit

Interaction in Graphite," 7th Biennial Conference on Carbon

(in press).

P. N. Butcher, W. H. Kleiner, P. L. Kelley and H. J. Zeiger, "Sum and

Differcnce Frequency Generation in Gases aad Liquids, " Physics

of Quantum Electronics, {Proceedings of the Physics of Quantum

Electronics Conference, San Juan, Puerto Rico, Z8-30 June 1965)

McGraw-Hill Book Company, New York, N.Y. {in press).

W. H- Kleiner, "Sp.-c-e-Time..... _.,mmet_, _,¢ Trmnsport ,_.,_,,,c,c,Ls'_¢¢_;_+ , " _-_'---,,_=.

Rev. (in press).

D. M. harsen, "Cyclotron Resonance of Piezoelectric Polarons, " Phys.

Rev. (in press).

D. M. Larsen, "On the Polaron Energy Spectrum," Phys. Rev. (in press).

M. M. Litvak and D. F. Edwards, "Electron Recombination in Laser-

Produced Hydrogen Plasma, " J. Appl. Phys. (in press).
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Z. 0 Optics and Infrared

Dr. R. H. Kingston, Leader

R. J. Keyes, Assistant Leader

Staff Members

Dr. H. A. Bostick

Dr. R. J. Carbone

Dr. Jane H. Dennis

C. Freed

Dr. P. R. Longaker

M. D. Zimmerman

Research Report

Research is carried out on new devices and techniques useful in

active and passive optical and infrared systems. These include new laser

concepts, laser noise measurements, propagation effects at high intensity,

and detector systems.

A scanned laser beam has been produced by sweeping an electron

beam along the length of a GaAs laser crystal, thus sweeping the actual

location of the radiation source. Heretofore, laser beam scanning has been

limited to deflection of the radiation after emission by the source.

Mercury, argon, and carbon dioxide lasers have been studied. A

proposed high pressure mercury system has not operated successfully as

yet because of insufficient gain. Electron densities in an argon ion laser

have been measured by observation of the Stark broadening of particular

neutral argon lines. Carbon dioxide lasers are now being developed for

use in physical measurements and systems.

The photocurrent spectrum and photoelectric counts produced by

ahelium-neon laser have been measured. Using a semi-classical theory

of the van der Pol oscillator, good agreement is found between the experi-

mental and theoretical values of the three lowest order factorial moments

of the photocount distribution. In addition, the Bose-Einstein distribution

has been confirmed for photoelectric counts from the laser operating just

below threshold, as expected for a narrow-band gaussian source when the

counting interval is less than the inverse bandwidth of the light.

In order to simulate high intensity beam propagation in the atmos-

phere, studies have been made of the index of refraction perturbation pro-

duced by intense laser beams in liquids and compressed gases. A neo-

dymium laser is used as the intense source and the index changes are

monitored using a Mach-Zehnder interferometer with a pulsed argon laser

as the measurement source. The observed refractive index perturbations

are consistent with the calculated energy deposition in the medium.
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Publications

C. Freed and H. A. Haus, "Measurement of Amplitude Noise in Optical

Cavity Masers," Appl. Phys. Letters 6, 85 (1965).

C. Freed and H. A. Haus, "Photoelectron Statistics Produced by a Laser

Op,_er__ting Below the Threshold of Oscillation," Phys. Rev.

Letters 15, 943 (1965).

R. H. Kingston and A. g. McWhorter, "Electromagnetic Mode Mixing in

Nonlinear Media," Proc. IEEE 53, 4 (1965}.

J. J. Schliekman and R. H. Kingston, "The Dark Side of the Laser,"

Electronics 38, 93 (1965).

C. Freed and H. A. Haus, "Amplitude Noise in Gas Lasers Below and

Above the Threshold of Oscillation, " Proc. Phys. Quant. Elect.

Conf. , McGraw-Hill Book Company, New York (in press).

C. Freed and H. A. Haus, "Photocurrent Spectrum and Photoelectron

Counts Produced by a Gaseous Laser," Phys. Rev. (in press}.
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3.0 Electronic Materials

Dr. J. B. Goodenough, Leader

Dr. J. M. Honig, Associate Leader

Dr. A. J. Strauss, Assistant Leader

Staff Members

Dr. R. J. Arnott

Dr. M. D. Banus

Dr. R. F. Brebrick

A. Ferretti

M. C. Finn

S. Fischler

J. A. Kafalas

M. C. gavine (Part Time)

Dr. J. M. Longo

J. R. O'Connor

E. B. Owens

Dr. P. M. Raccah

Dr. T. B. Reed (Leave of Absence)

Dr. D. H. Ridgley

Dr. J. 13. Sohn

Research Report

The physico-chemical properties of a number of compound semi-

conductors and semimetals have been investigated. Particular emphasis

has been placed on the extent and influence of deviations from stoichiometry.

The principal techniques which have been employed are thermal analysis

(Hg-Te and Ga-Se systems), determination of partial vapor pressures by

optical absorption measurements (HgTe, HgSe, GeTe), and measurement

of electrical properties for samples annealed at various temperatures and

partial pressures (HgTe, HgSe, GeTe, PbS).

The existence of a high-pressure facility has permitted extension

of the phase diagrams of some of these and other compounds as a function

of pressure. Some high-pressure phases, such as the /_-Sn structure of

InSb, are metastable at atmospheric pressure at low temperatures, and

this has permitted studies of a variety of properties of the high-pressure

phases. Some properties, such as the high-spin vs. low-spin states of

MnAs, have been shown to depend upon atomic volume. High pressures

have also been used to prepare new materials, such as several arsenopy-

rites and CrO Z.

Galvano- and thermomagnetic studies of semimetals, like Bi and

HgTe, have evaluated this type of material for thermomagnetic energy

conversion.

In superconductors with the /_-tungsten structure, which are im-

portant for the generation of large magnetic fields, superconducting transi-

tion temperatures have been correlated with atomic ordering and with the

Fermi level relative to qualitative energy bands.
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Interactions between different types of impurities in host crystals

for optically pumped lasers have been found sometimes to enhance and

sometimes to quench laser action. A Jahn-Teller ion, eight-coordinated

y2+ in CaF2:Dy, has been shown to quench laser action; and this is believed

to be a general property of Jalm-reller ions because of their strong pertur-

bation of the phonon spectrum.

Magnetic and structural properties of T-V compounds, where T

is a transition-metal atom, have helped to clarify a proposed, qualitative

cnergD_-bmnd scheme for compounds ""_ xT_ _ _,_ _, _, ..... ,_^

sign of the magnetic coupling via band electrons as a function of the occu-

pancy of the band states.

Transition-metal oxides may contain d electrons that are localized,

and therefore well described by crystal-field theory, or d electrons that

are collective. Studies of the transport and magnetic properties of oxides

with the perovskite, ReO3, rutile, or corundum structures have shown that

the breakdown of the assumption of localized d electrons may be due either

to direct cation-cation interactions or td covalent mixing of cationic d and

anionic _s and p wave functions. Improved analysis of powder X-ray inten-

sities has been developed and has permitted a demonstration that the

semiconducting metallic transition in LaCoO 3 is due to a first-order

phase change between localized and collective d electrons of e gyrnmetry,

whereas the d electrons of t2g symmetry rem_n localized in-_oth phases.

The development of a Jahn-Teller theorem for narrow-band vs. localized

electrons indicates that spontaneous distortions from a high to a lower-

symmetry phase with decreasing temperature provides an important

operational criterion for distinguishing localized from narrow-band charge

carriers, and cation-cation band formation from cation-anion-cation band

formation. These ideas have also been extended to the interpretation of

several transition-metal sulfides.

Additional techniques of chemical analysis and crystal growth have

been developed. The range of single crystals that have been grown this year

varies from the ferroelectric KH2PO 4 to InBi (quick-freeze method} to

Ti203 (Czochralsky-Kyropoulos growth in air) to Coi+5V2_604 {electrolytic

growth in a WO3-NaxWO 3 flux} to ReO 3 (vapor deposition with carefully

controlled temperatures}.

Publications

R. F. Brebrick and A. J. Strauss, "Partial Pressures of Hg(g) and Tez{g }

in the Hg-Te System from Optical Densities, " J, Phys. Chem.

Solids 26, 989 {1965}.
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R. F. Brebrick, "Partial Pressure of Se 2 and Optical Density of Selenium

Vapor in the Visible and Ultra-Violet," J. Chem. Phys. 43, 3031

(1965).

R. F. Brebrick, "Pressures of Hg and Selenium over HgSe(c5 from Optical

Density Measurements," J. Chem. Phys. 43, 3846 (19655.

M. D. Banus, S. N. Vernon and H. C. Gatos, "Superconducting

Characteristics of the High Pressure InSb-_ Tin System,"

J. Appl. Phys. 36, Part l, 864 (1965).

M. D. Banus, "Pressure Dependence of the Ag2Se_-_ Sn Alloys,"

J. Appl. Phys. 36, 2186 (1965).

M. D. Banus, L. B. Farrell and A. J. Strauss, "Resistivities and

Transformation Rates of High-Pressure InSb-_ Sn Alloys, "

J. Appl. Phys. 36, 2186 (1965).

J. M. Honig, "On the Choice of Coordinates Used to Describe

Thermoelectric and Thermomagnetic Generators, " J. Appl.

Mech. 31, 565 (19655.

T. C. Harman, J. M. Honig and B. M. Tarmy, "Galvano-Therm_naagnetic

Phenomena and the Figure of Merit in Bismuth. I. Transport

Properties of Intrinsic Material, " Advanced Energy Conversion 5,

1 (May 1965).

T. C. Harman, J. M. Honig, S. Fischler, A. E. Paladino and

M. J. Button, "Experiments on Room Temperature Nernst-

Ettingshausen Refrigerators," J. Eng. for Industry (Trans.

ASME 87, 21 (19655.

J. R. O'Connor, "Quenching of Fluorescence by in CaF2:Dy +2Dy +2 y+2

Lasers," Appl. Phys. Letters 7, 54 (19655 .

J. R. O'Connor and R. M. Hilton, "Effect of y+3 on the Reduction of Sm +3

in CaF 2,'' Appl. Phys. Letters 7, 53 (19655.

J. B. Goodenough, D. H. Ridgley and W. A. Newman, "Spin Quenching

and MnAs " Proc. International
in the System MnAs l_xPx l_ySby,

Conference on Magnetism, Nottingham, 7-i1 Sept. (1964) p. 542.

J. B. Goodenough and P. M. Raccah, "Complex Versus Band Formation

in Perovskite Oxides," J. Appl. Phys. Supp. Part 2, 36, 1031

(19655

D. S. Chapin, J. A. Kafalas and J. M. Honig, "Electrical Properties of

Ferromagnetic CrOx(l.89 < x< Z.025," J. Phys. Chem. 69,

1402 (19655.

J. B. Goodenough, The Molecular Designing of Materials and Devices,

"Properties Imparted by_d Electrons," MIT Press, Cambridge

(19655
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J. B. Goodenough, P. Gibart and 5. Brenet, "Magnetic and Electric

properties of ReOz: Theoretical Interpretation, " Comptes Rendus,

Paris, 261, 2331 (September 1965).

A. Ferretti, D. B. Rogers and J. B. Goodenough, "The Relation of the

Electrical Conducitivity in Single Crystals Rhenium Trioxide to

the Conductivities of SrzMgReO 6 and NaxWO3," J. Phys. Chem.

Solids 26, 2007 (1965).

J. M. Honig, A. A. Cella, J. C. Cornwell, "Electrical Properties of

Praseodymium Oxides, " Third Rare Earth Conference,

Clearwater, Florida, 1963, 555.

J. B. Goodenough, "Transition-Metal Oxides with Metallic Conductivity, "

Bull. Soc. Chim. Fr. 4, IZ00 (1965).

W. Kunnmann, A. Ferretti, R. J. Arnott, and D. B. Rogers, "Single

Crystal Growth of Transition Metal Oxides, " J. Phys. Chem.

Solids 26, 311 (1965).

T. B. Reed and R. E. Fahey, "Electric Furnace for Operation in Oxidizing,

Neutral and Reducing Atmospheres to Z400°C, "Rev. Sci. Instr. 36,

289 (1965).

M. S. Maltz, "An Investigation into Eddy-Current Induced Non-Destructive

Readout in Thin Film Memories," J. Appl. Phys. Suppl. Part Z,

36, I121 (1965).

D. B. Rogers, R. W. Germann and R. J. Arnott, "The Effect of Trivalent

Manganese on the Crystal Symmetry of Some Lithium Spinels, "

J. Appl. Phys. 36, 2338 (1965).

J. B. Goodenough, "Chemical Inhomogeneities and Square B-H Loops,"

J. Appl. Phys. 36, 2342 (1965).

J. M. Honig, "Elements of the Hijmans-de Boer Approximation to Order-

Disorder Theory, ,TLincoln Laboratory Technical Report No. 390.

R. J. Arnott, "Particle Sizes of Clay Minerals by Small-Angle X-Ray

Scattering," Amer. Mineral. (Nov-Dec 1965).

S. Kern and P. M. Raecah, "Preparation and Paramagnetism of the Rare

Earth Trifluorides, " J. Phys. Chem. Solids 26, 1625 (1965).

T. C. Harman, J. M. Honig and L. Jones, "Galvano-Thermomagnetic
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Research Report

The principal objective of the Solid State Physics Group is the ex-

perimental investigation of the behavior of electrons in solids. The work

may be divided into two categories, namely, the study of energy band

structure and magnetism.

Among the optical and magneto-optical experiments which have

been carried out during the past year are a study of the reflectivity of

ReO 3 in the visible and ultraviolet which indicates a steep plasma edge as

well as peaks arising from interband transitions; interband oscillary mag-

neto-absorption in GaSe and GaSb and Faraday rotation in GaSb, using the

National Magnet Laboratory facilities, which have yielded effective masses

and energy gaps; magnetoreflection in the semimetal antimony, also at high

magnetic fields, in which direct interband transitions have been observed

at two different points in the Brillouin zone between two sets of bands

lying close to, but not at, the Fermi surface; and the behavior of the ex-

citation spectra under stress of impurity levels in sulfur-doped silicon

and also in germanium doped with group Ill impurities, which results in

a positive identification of levels and yields values for the deformation

potentials.
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In the microwave region, preliminary cyclotron resonance has

been found in one GaSe sample; marked structure has been observed in the

surface impedance, in Azbel-Kaner geometry, of p-type PbSe which can

be understood on the basis of the classical skin effect; and phonon propaga-

tion in non-piezoelectric solids has been obtained at frequencies as high as

70 kMc by depositing a piezoelectric semi-insulating CdS thin film on bulk

substrates, using an electron beam technique.

Among the magnetic studies carried out by the group were spin

wave experiments on permalloy films at temperatures from 4. Z°K to 298°K

which, from the presence of a significant quartic term in addition to usual

quadratic term in the spin wave dispersion relation, suggest a range of ex-

change interaction between spins of at least an order of magnitude greater

than the nearest neighbor distance; an investigation of the spinel system

ACr2X4, where A is nonmagnetic zinc or cadmium and X is oxygen, sulfur

or selneium, in which it was found that CdCr2Se 4 is ferromagnetic and

also nonconducting; preliminary observations of paramagnetie resonance

in powdered sample of Co 2+ in ZnA120 4 and Zn2SiO 4 at 4.2°K and 36 kMc

which establish the effective field required for NMR of Co2+; and an inves-

tigation by neutron diffraction of the lattice symmetry of the perovskite

LaCoO 3 at room temperature and _ 7°K, with similar results at both

temperatures, thereby indicating that the departure at _ 80°K from

linearity of the susceptibility curve cannot be attributed to the onset of

ferromagnetism.

Multiple stimulated B rillouin scattering has been studied in quartz

by using a high-power ruby laser. As many as six successive Brillouin

shifts have been observed as a result of iterative scattering and reamptifi-

cation in the ruby rod. Only Stokes waves are generated in the experiment,

which can be understood from considerations of the Brillouin conversion

efficiency and ruby gain.
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Research Report

The output wavelength of PbSe diode lasers operating at 77°K has

been tuned in the range from 7. 5_ to over 22_ by applying hydrostatic pres-

sures of up to 14 kilobars. Extension to wavelengths above 13_ was made

possible by the development of polycrystalline Ge and Si windows capable

of withstanding the high pressures involved. The pressure variation on the

energy of the emitted radiation is -8. 5 x 10 -6 eV/bar of the optical absorp-

tion edge. The individual modes shift at the rate of -. 25 x 10 -6 eV/bar at

400 bars. This shift results from the change in optical length of the Fabry-

Perot cavity, due to the pressure dependence of the index of refraction. The

range of tuning has been limited by freezing of the He pressure-transmitting

fluid at 14. 5 + 0.03 kilobars at 77°K. Higher pressures will require new

techniques, but it is felt that extension to 20 kilobars, the pressure at which

the energy gap of PbSe is expected to close at 77°K, is possible.

The spontaneous and coherent emission from PbS, PbSe and PbTe

diode lasers has been studied in [100] oriented magnetic fields. The

spontaneous emission peaks can be identified, by a comparison with mag-

netoabsorption work, with transitions between the lowest order spin-split

Landau levels. From this work, reduced effective masses and g-factors

were obtained for PbS, PbSe and PbTe. From the shift of the individual

modes with magnetic field and magneto-dispersion (_n/_H_ 100] )E can be
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obtained and for PbSe and PbTe is respectively -I. 3 x 10 -6 gauss -I and

-1.2 x 10 -6 gauss -I

Present InAs diode lasers (which emit at 3. IV) have external

quantum efficiencies of about 12% and threshold current densities of about

300 amp cm -2 at ll°K, and can be operated continuously with currents of

several amperes. With magnetic fields of several kG applied perpendicu-

lar to the diode current the threshold has been further reduced and the

efficiency increased to as much as 25%. This enhancement of emission is

associated with a decrease of injected carrier diffusion in the magnetic

field which produces a more compact active region.

Coherent emission at 5. ZFL parallel to the direction of the diode

current has been obtained in n+pp + InSb diodes. The large active regions

of these InSb diodes, in which lifetimes of 10 -7 to 10 -6 sec permit popula-

tion inversion in regions of the order of 100V away from the injecting con-

tacts, are naturally suited for laser oscillations longitudinal to the current.

Such lasers can be readily constructed in arrays. They also promise to

emit coherently over large areas, hence with small beam angles, and they

should be suited for large power outputs. These longitudinal lasers have

been made possible by the development of a technique of growing a thin

layer of InSb on an InSb substrate from a saturated In-lnSb melt. Uniform

planar InSb n + -p junctions were grown on substrate areas of about 2 cm Z.

The injection of carriers into InSb n+pp + structures similar to those used

as bulk lasers has been studied by determining the distribution of potential

and electric field along the p-region at various current levels.

Laser action has also been achieved in optically pumped bulk

samples of InSb, PbTe, andlnAs. The required pump power densities

were obtained by using the emission from a OaAs diode laser. The GaAs

radiation was incident on a face of the wafer perpendicular to the Fabry-

Perot cavity. Optical pumping has made possible the direct comparison

of photoluminescent spectra of bulk homogeneous samples with laser

spectra from these same samples. In n-type InSb and in n-type InAs the

laser lines emanate from the band-to-band luminescent lines, while results

indicate that in p-type InAs the laser line is associated with transitions

from the conduction band to zinc acceptor levels.

Laser action has been obtained at liquid helium and liquid nitrogen

temperatures in crystals of CdS and CdSe excited by a beam of fast elec-

trons. Laser samples were prepared from high purity, single-crystal,

vapor grown platelets. For the CdS, whichlases at 4900-4950 A, the peak

power output and efficiency are respectively at 4.2 ° and 77°K, i0 W at

0.7% and 4 W at 0. 3%. For the CdSe laser which lases at the red 6800-

6900 A the peak power output is in excess of i0 watts with a power effi-

ciency of better than 5% at both 4. g ° and 77°K. Electron beam pumped



SECTION G - LINCOLN LABORATORY 411

laser action has also been obtained at liquid helium temperature in crystals

of PbS, PbSe, and PbTe.

Single crystal junctions have been produced between wafers of

GaAs and InSb by the interface-alloy technique, in spite of the very large

lattice mismatch (i4%) between these two zinc-blende semiconductors. The

electrical and electro-optical characteristics of these heterojunctions can

be explained by a model for the heterojunction band structure which is

similar to that of a metal-semiconductor barrier, but involves a graded-
o

gap region of about 190 A at the interface in which the energy gap condenses

from 1. 38 eV to 0.18 eV.

We have obtained from GaAs Gunn effect oscillators at room

temperature 2. 5 watts of peak power at about 3 Gc with a power efficiency

of 7%. The devices were fabricated from n-type GaAs which had a room

temperature resistivity about O. 75 ohm-cm. Experimental results support

the transferred electron model for this effect. The Gunn effect has also

been observed in n-CdTe, and resistance vs. hydrostatic pressure experi-

ments show that the transferred electron model is a reasonable explanation

for this material as well.

Microwave amplification both on a pulse and continuous basis has

been observed in bulk n-GaAs at room temperature. The samples in this

case had a resistivity of approximately 100 ohm-cm. The frequency at

which the maximum gain occurs agrees fairly well with the frequency at

which Gunn oscillations occur in lower resistivity samples of the same

thickness, but the average applied electric field necessary for gain is about

7000 V/cm - about twice the value usually required for Gunn oscillations.
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D. A. Colling, Res Asst, Metal

K. Congdon, NU Coop Student, Nucl Eng

J. W. Conley, Res Asst, Elec Eng

J. A. Conwicke, Res Asst, Metal

M. S. Cooper, Graduate Student, Elec Eng

R. Cordover, Res Asst, Elec Eng

D. A. Corrigan, Res Asst, Metal

J. M. Coughlin, Teaching Asst, Metal

E. Courtens, Res Asst, Elec Eng

R. Courtney, NU Coop Student, Nucl Eng

R. D. Cummings, Res Asst, Mech Eng

N. D. Cuong, Res Asst, Elec Eng

263

85

117

52

195

199

199

189

265

195

259

171

65

316

16

86

65

85

121

85

171

297

159

171

251

251

303

251

327

82

199

87

56

195

189

85

327

3O9

87_
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R. Currat, ResAsst, Metal

R. L. Curtis, Res Asst, Elec Eng

E. T. Cutler, Undergrad Student, Chemistry

D. E. Daney, ResAsst, Mech Eng

P. N. Dastur, Res Fellow, Metal

T. G. Davis, Res Asst, Elec Eng

D. Dawson, ResAsst, Metal

A. Debs, NSF Fellow, Elec Eng

J. I. Dean, Res Asst, Metal

D. C. Deegan, Res Asst, Metal

M. Delsol, ResAsst, Metal

J. M. Ditz, Res Asst, Chem Eng

A. B. Dominguez, Res Asst, Civil Eng

A. S. Douglas, Res Asst, Chem Eng

S. B. Dubin, Res Asst, Physics

W. J. Duffin, Graduate Student, Metal

D. Duquette, Res Asst, Metal

G. East, Res Asst, Mech Eng

D. E. Eastman, Graduate Student, Elec Eng

E. F. Eikenberry, Graduate Student, Biology

W. Eisen, Graduate Fellow, Metal

G. Eldridge, Res Asst, Elec Eng

D. E. Ellis, Res Asst, Physics

D. Ellis, Graduate Student, Physics

A. EI-Shiekh, Res Asst, Mech Eng

D. Ender, Res Asst, Mech Eng

P. Engel, ResAsst, Elec Eng

W. Engelmaier, Res Asst, Mech Eng

K. E. Erhardt, Res Asst, Metal

Lt. D. Estes, Graduate Student, Naval Arch

W. H. Everett, NU Coop Student, Civil Eng

G. Ewell, Res Asst, Metal

D. L. Fehrs, Res Asst, Mech Eng

L. G. Feinstein, Res Asst, Chem

M. Feld, ResAsst, Physics

B. Feldman, Res Asst, Physics

A. Fener, Undergrad Student, Elec Eng

Jeanne H. Fertel, Grad Asst, Physics

R. E. Fessler, Res Asst, Metal

121

91

61

3O9

179

91

139

69

121

237

195

325

283

321

39

165

237

262

107

16

179

85

1

333

271

271

85

303

121

265

284

171

303

5

56

56

85

36

121



APPENDIX ILI - GRADUATE STUDENTS 433

S. M. Fleming, Res Asst, Chem Eng

P. Flessel, Graduate Student, Biology

C. Fonstead, Graduate Student, Elec Eng

G. Forward, Res Fellow, Metal

M. C. Fowler, Grad Fellow, Chemsitry

T. L. Francis, Res Asst, Metal

C. Frangoulis, Res Asst, Chem Eng

M. Freeman, Res Asst, Chem Eng

H. Friedman, Graduate Student, Biology

K. Fritsch, Res Asst, Physics

A. Fukumoto, Res Asst, Physics

J. W. Gadzuk, Res Asst, Mech Eng

W. J. Gajda, Graduate Student, Elec Eng

A. Gangulee, Res Asst, Metal

G. O. Garmong, Graduate Student, Metal

L. Gasher, Res Asst, Chem Eng

D. Gendron, Res Asst, Chem Eng

R. N. Ghosh Tagore, Res Asst, Metal

P. M. Gielen, Res Asst, Metal

K. D. Gilbert, Graduate Student, Elec Eng

R. G. Gilliland, Res Asst, Metal

R. Gilmore, Graduate Student, Physics

G. Gizinski, Res Asst, Chem Eng

A. P. M. Glassford, Res Asst, Mech Eng

J. Godrick, Res Asst, Mech Eng

M. Gogenini, Res Asst, Chem Eng

B. Golding, Res Asst, Metal

1%. Goldsmith, Doctoral Student, Chem Eng

I. S. Goldstein, Res Asst, Metal

J. Goldstein, Res Asst, Metal

L. Goodman, NSF Fellow, Elec Eng

D. Gournelos, Res Asst, Nucl Eng

J. Graczyk, Res Asst, Elec Eng

J. F. Graczyk, Res Asst, Metal

M. C. Graham, Undergrad Student, Physics

D. Graves, Res Asst, Chem Eng

C. Gray, NSF Fellow, Chem Eng

B. Green, Res Asst, Metal

S. Greenberg, Undergrad Student, Elec Eng

321

16

69

179

61

199

313,318,321

321

i6

39

52

303

87

159

265

311

321

199

139

107

195

1

321

3O9

257,259

312

121

316

121

195

85

327

107

52

321

311

171

52
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M. Greenebaum, Res Asst, Physics

W. D. Gregory, Res Asst, Physics

A. Grey, Res Asst, Elec Eng

T. Greytak, Grad Fellow, Physics

T. Guillermo, Res Asst, Metal

P. Haberland, Res Asst, Physics

W. Hackett, Graduate Student, Physics

J. P. Hager, ResAsst, Metal

J. S. Haggerty, Res Asst, Metal

J. Hagstrom, Res Asst, CivilEng

W. J. Hakel, Undergrad Asst, Physics

R. M. Hakim, Res Asst, Metal

D. B. Hall, Undergrad Asst, Physics

D. R. Hamann, Res Asst, Elec Eng

A. L. Harris, Undergrad Asst, Mech Eng

J. Harris, Res Asst, Metal

T. Hart, Graduate Student, Physics

A. Hartrnan, Res Asst, Elec Eng

C. P. Hartwig, Res Asst, Elec Eng

G. Hartzler, ResAsst, Metal

D. R. Heerwagen, Res Asst, CivilEng

R. B. Heik, Graduate Student, Elec Eng

P. Heitman, Teaching Asst, Metal

W. Heitman, Graduate Student, Metal

M. F. Henry, ResAsst, Mech Eng

C. R. Hewes, ResAsst, Elec Eng

C. W. Hewson, Res Asst, Metal

L. Hocker, Res Asst, Physics

R. Hodges, UndergradAsst, Mech Eng

D. Hoffman, Res Asst, Metal

U. Holmberg, Graduate Student, Metal

L. C. Hoskins, Res Asst, Chemistry

B. Hu, Res Asst, Elec Eng

H. Huff, GT and E Fellow, Metal

F. Hunkeler, Res Asst, Metal

H. lino, Doctoral Candidate, Chem Eng

W. J. Ince, Graduate Student, Elec Eng

P. R. Irissou, Graduate Student, Metal

E. I. Isibor, Res Asst, Civil Eng

19,333

19

69

39

199

19

333

179

199

Z83

36

199

36

65

263

241

333

69

107

195

Z83

69

Z51

265

263

69

199

56

Z63

139

189

31

107

g41

171

319

107

Z29

283
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Y. Ito, Res Asst, Physics

T. Jadwin, Graduate Student, Chem Eng

S. Jain, Res Asst, Metal

C. Jansen, Res Asst, Metal

M. Jeannerod, Res Fellow-, Metal

H. P. Jenssen, Undergrad Student, Elec Eng

M. Johnson, Undergrad Student, Physics

R. P. Johnson, Res Asst, Civil Eng

D. H. Jones, Res Asst, Chem Eng

D. Kalish, Res Asst, Metal

R. Kane, Res Asst, Metal

J. Kaneko, Res Asst, Metal

T. Kaplan, Undergrad Student, Elec Eng

D. A. Karlyn, Res Asst, Metal

J. R. Katzer, Doctoral Candidate, Chem Eng

J. G. Kawamura, Res Asst, Elec Eng

G. A. Keig, Res Asst, Metal

J. G. Keil, Res Asst, Chem

D. Kenagy, Res Asst, Metal

J. F. Kenney, Res Asst, Physics

G. R. Kidd, Undergrad Asst, Mech Eng

R. P. Kimball, NU Coop Student, Civil Eng

L. Kimerling, Res Asst, Metal

R. M. Kimmel, Graduate Student, Meeh Eng

E. Kirayoglu, Res Asst, Mech Eng

D. Kisha, Graduate Student, Chem Eng

J. H. Kitler, Res Asst, Metal

M. Klagsbrun, Graduate Student, Biology

R. Kline, Res Asst, Chem Eng

D. Koelling, Graduate Student, Physics

K. Koenig, Res Asst, Meeh Eng

A. Kokkas, Teaching Asst, Elec Eng

N. G. Koopman, Res Asst, Metal

M. A. Kornitzky, Res Asst, Chem Eng

N. Kougouehi, Graduate Student, Meeh Eng

M. K. Koul, Res Asst, Metal

M. Kovacs, Res Asst, Physics

A. B. Krewinghaus, Graduate Student, Chem Eng

S. Kurtin, Graduate Student, Physics

I0

321

195

165

179

87

56

Z83

321

139

171

189

85

139

318

91

199

5

171

1

263

284

241

271

259

329

139

16

321

1

309

69

165

321

271

139

56

323

333
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J. Laane, NSF Undergrad Fellow, Chem

R. Langdon, Jr, ResAsst, Physics

G. Langford III, Res Asst, Metal

H. Larson, Res Asst, Metal

J. Lastovka, Graduate Fellow, Physics

R. P. Lavoie, Res Asst, CivilEng

F. V. Lawrence, Jr, Graduate Student, Civil Eng

W. T. Laughlin, Res Asst, Metal

P. Lazay, ResAsst, Physics

J. W. Leech, Res Asst, Aero and Astro

J. Levine, Undergrad Student, Physics

R. Lewis, Res Asst, Chem Eng

J. H. Li, Res Asst, Metal

P. Liao, Undergrad Student, Physics

B. Lindblom, Graduate Student, Metal

U. H. Lindborg, Res Asst, Metal

S. L. Liu, Res Asst, Elec Eng

F. S. Lo, Res Asst, Metal

L. D. Locker, Res Asst, Metal

R. L. Logan, Res Asst, Mech Eng

P. Lu, Graduate Student, Biology

P. Lubitz, Undergrad Asst, Physics

J. Lunacek, Res Asst, Physics

F. Lynch, Graduate Student, Mech Eng

A. M. Lynn, Res Asst, Civil Eng

A. P. V. Macedo, Res Asst, CivilEng

Margaret MacVicar, NSF Trainee, Metal

S. E. Madnick, Undergrad Asst, Mech Eng

R. Maglic, Res Asst, Physics

J. Makhdumi, Res Asst, Chem Eng

S. Malkin, Res Asst, Mech Eng

M. Maltz, Graduate Student, Elec Eng

D. Margel, Res Asst, Metal

W. G. Margetts, Doctoral Candidate, Chem Eng

J. S. Marsh, Graduate Student, Civil Eng

F. Martino, Res Asst, Physics

P. Marzoli, Graduate Student, Mech Eng

I. Matsushima, Graduate Student, Metal

W. Matthews, Res Asst, Elec Eng

31

52

139

179

39

283

283

199

39

280

56

311

199

lO

171

121

79

229

229

303

16

36

39

271

283

283

251

263

i0

312

297

333

171

316

283

91

271

237

85
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E. Matulevivius, Res Asst, Chem Eng

W. A. Maude, Graduate Student, Civil Eng

M. K. Maul, Res Asst, Elec Eng

R. Mayer, Res Asst, Chem Eng

W. A. McCray, Undergrad Asst, Mech Eng

T. E. McEnally, Res Asst, Physics

T. F. McNelly, Undergrad Asst, Physics

J. MeWane, Res Asst, Physics

R. Mehrabian, Teachtag Asst, Metal

G. S. Meiling, Res Asst, Metal

Diane M. Meyer, Teaching Asst, Chem

C. C. Milionis, Res Asst, Chem

D. Milligan, Undergrad Student, Physics

F. Missell, Res Asst, Physics

R. E. Mistler, Res Asst, Metal

H. Mitarai, Graduate Student, Elec Eng

Y. Miyazaki, Graduate Student, Mech Eng

H. J. Modetz, Res Asst, Metal

C. J. Mogab, Graduate Fellow, Metal

T. Molina, Res Asst, Chem Eng

C. Monego, Graduate Student, Mech Eng

H. Mook, Res Asst, Harvard University

K. Morash, Undergrad Student, Physics

K. R. Morash, NSF Trainee, Metal

K. Morizane, Res Asst, Metal

J. W. Morris, NSF Trainee, Metal

R. H. Morrison, Res Asst, Elec Eng

W. Morton, Res Asst, Elec Eng

R. Mozzi, Graduate Student, Physics

R. S. Mroczkowski, Res Asst, Metal

P. E. Mueller, Graduate Student, Chem

J. C. Muratet, Graduate Fellow, Metal

J. Murray, NSF Trainee, Physics

P. K. K. Nayar, Res Asst, Metal

G. O. Neely, Res Asst, Chem

C. R. Nelson, Teaching Asst, Civil Eng

R. N. Nelson, Graduate Fellow, Chem

J. Nemec, Jr, Res Asst, Civil Eng

G. E. Nereo, Res Asst, Metal

313

283

52

311

263

52

36

19

189

199

31

31

52

56

199

79

271

199

199

311

271

I0

i0

121

241

229

69

85

8

241

28

171

56

165

31

283

61

283

189



438 APPENDIX III - GRADUATE STUDENTS

R. S. Newbower, Undergrad Student, Physics

K. Nill, Res Asst, Elec Eng

P. Norris, ResAsst, Elec Eng

R. C. Novak, Res Asst, Civil Eng

A. Nunes, ResAsst, Physics

W. O'Day, Undergrad Asst, Mech Eng

M. R. Oliver, Undergrad Student, Elec Eng

G. Y. Onoda, Jr, Res Asst, Metal

D. Opp, Graduate Student, Chem Eng

M. H. Oppenheimer, Undergrad Student, Elec Eng

M. Oron, Res Asst, Metal

A. M. Ostrea, Res Asst, Metal

G. Padawer, NSF Fellow, Civil Eng

E. S. Palmer, Graduate Fellow, Metal

A. Parekh, Res Asst, Chem Eng

D. Parker, Res Asst, Metal

S. Parkhurst, NU Coop Student, Nucl Eng

J. Parks, Res Asst, Physics

S. Pail, Res Asst, Metal

G. Peabody, Graduate Student, Physics

H. Pearce, Re_ Asst, Elec Eng

E. Pembroke, NU Coop Student, Nucl Eng

K. E. Perumal, Res Asst, Metal

J. E. Picard, Res Fellow, Metal

A. Platzker, Res Asst, Elec Eng

H. Plonsker, Res Asst, Mech Eng

D. R. Poirier, Res Asst, Metal

A. Pogeler, Res Asst, Mech Eng

E. R. Pollard, Res Asst, Metal

P. Popper, Res Asst, Mech Eng

J. Postula, Graduate Student, Metal

G. Prada, Undergrad Student, Elec Eng

R. M. Preer, Undergrad Student, Physics

W. C. Pringle, Jr, Res Asst, Chem

S. Prochazka, Res Asst, Metal

K. J. Pulkonik, Res Asst, Metal

E. B. Ovale, Res Asst, Mech Eng

S. Rabii, Res Asst, Elec Eng

R. Rabinow, Res Asst, Mech Eng

19

409

85

283

lO

263

87

229

311

69

195

225

259

189

321

195

327

56

139

333

69

327

237

179

i07

271

189

297

241

271

237

73

52

31

199

195

309

65

297
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H. Rack, ResAsst, Metal

P. Ralph, Graduate Student, Biology

J. J. Rasmussen, Res Asst, Metal

S. N. Rea, Res Asst, Mech Eng

S. J. Reid, Res Asst, Chem Eng

E. C. Reifenstein III, Graduate Asst, Physics

M. Reine, Graduate Asst, Physics

J. F. Remtjes, Jr, Undergrad Asst, Physics

R. "-" D .... _ Rcs ^ _* Chem

A. Renninger, Undergrad Student, Physics

A. M. Reti, Res Asst, Metal

S. Rezende, Graduate Student, Elec Eng

S. Reznek, Res Asst, Physics

C. Rhodes, NSF Fellow, Physics

W. H. Rhodes, ResAsst, Metal

B. Riddhagni, Graduate Student, Aero and Astro

C. S. Rim, Res Asst, Nucl Eng

J. Rionda, Res Asst, Chem Eng

J. E. Ripper, Res Asst, Elec Eng

D. L. Ritter, Res Asst, Metal

W. Robbins, Graduate Asst, Physics

W. B. Robbins, Undergrad Student, Physics

M. Robinson, Res Asst, Metal

F. Roddy, Res Asst, Elec Eng

J. Rogers, Undergrad Student, Physics

M. Romney, Undergrad Student, Chem Eng

M. Root, Res Asst, Chem Eng

L. Rosen, Res Asst, Physics

B. Rosoff, Res Fellow, Metal

B. R. Rossing, Res Asst, Metal

T. A. Rowe, Undergrad Student, Metal

S. K. Roy, Res Asst, Metal

W. E. Rudge, Res Asst, Physics

R. Ruhl, NSF Fellow, Metal

B. H. Sacks, Res Asst, Elec Eng

H. St. Onge, Graduate Student, Elec Eng

T. Saito, Graduate Fellow, Physics

V. S. Salapatas, Res Asst, Metal

J. Salamitou, Res Asst, Metal

139

16

199

309

321

36

333

36

28

122

159

107

52

56

199

265

327

313

65

I71

333

52

199

117,241

10

312,329

321

52

179

199

122

199

1

139

65,333

69

39

179

229
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T. Santala, Graduate Fellow, Metal 195

R. P. Santoro, Res Asst, Elec Eng 103

R. Sarawesky, Res Asst, Chem Eng 321

N. Sarkar, Res Asst, Metal 225

R. O. Seattergood, ResAsst, Metal 159

W. Schilling, Res Asst, MetaI 171

V. E. Sehirf, Jr, NSF Fellow, Elee Eng 65

T. Schlax, NSF Fellow, Elee Eng 69

H. R. SehIossberg, Res Asst, Physics 56,406

C. Schneider, Res Asst, Physics 10

D. Sehroeder, Res Asst, Metai 179

P. Sehroeder, ResAsst, Physics 56

N. E. Schumaker, Res Asst, Chem 28

C. Seividge, NSF Fellow, Chem Eng 315

S. D. Senturia, Graduate FelIow, Physics 39

D. Serfilippi, NU Coop Student, Nucl Eng 327

H. Sevenier, Res Asst, Chem Eng 323

P. Sexton, Graduate FelIow, Metal 189

J. Shah, ResAsst, Elec Eng 69

R. R. Shaw, Res Asst, Metal 199

T. P. Sheahen, Res Asst, Physics 19

R. Sheldon, Graduate Student, Meeh Eng 271

R. S. Shemenski, NSF Trainee, Metal 122

B. S. Shiralkar, Res Asst, Mech Eng Z97

P. Showman, Res Asst, Elec Eng 69

H. B. Shukovsky, Teaching Asst, Metal 251

M. Shuiman, Graduate Student, Bioiogy 16

D. Shupe, Graduate Student, Meeh Eng 303

R. SiegeI, ResAsst, Eiee Eng 69

S. N. Singh, Res Asst, Metal 189

V. P. Siuta, Res Asst, Metal 241

L. C. Skinner II, Teaching Asst, Metal 251
II

B. Skold, Swedish-American Foundation Fellow, Metai 139

K. Sladek, ResAsst, Chem Eng 320

A. L. Smith, Graduate Fellow, Chem 61

F. T. J. Smith, Res Asst, Metal 241

H. Smith, Undergrad Student, Physics 56

R. A. Smith, Graduate Student, Civil Eng 283

U. Smith, Graduate Asst, Physics 333
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W. F. Smith,ResAsst, Metal
D. D. Snyder,GraduateStudent,Chem
J. E. Sobel,ResAsst, ChemEng
J. Sodi,ResAsst, Metal
J. Sokoioff,GraduateStudent,Physics
C.M. Sonnenschein,GraduateStudent,Physics
S. L. Spooner,ResAsst, Metal
I. Sprung,ResAsst, Metal

or_v=_=va, Res MeLa_

R. R. Stander, Jr, Res Asst, Civil Eng

F. C. Stegeman, Res Asst, Civil Eng

J. J. Stickler, Res Asst, Metal

R. Stimets, Graduate Asst, Physics

N. D. Strahm, Res Asst, Elec Eng

R. W. Strachan, Res Asst., Metal

B. P. Strauss, NSF Trainee, Metal

S. L. Strong, Res Asst, Metal

W. Stowell, Res Asst, Metal

J. B. Stubbings, Res Asst, Civil Eng

P. B. Sun, Res Asst, Mech Eng

W. D. Syniuta, Res Asst, Mech Eng

P. M. Tam, Res Asst, Chem Eng

G. R. Taylor, Graduate Student, Elec Eng

M. Taylor, Res Asst, Chem

D. I. Tchernev, Res Asst, Elec Eng

S. Teicher, Undergrad Student, Elec Eng

J. R. Terrall, Graduate Student, Physics

G. J. Thomas, Jr, NIH Undergrad Fellow, Chem

P. Tick, Res Asst, Metal

R. J. Tiernan, Res Asst, Metal

T. H. Timmins, Res Asst, Nucl Eng

P. J. Tobin, International Nickel Fellow, Metal

L. Tocci, Res Asst, Elec Eng

P. Tomlinson, Res Asst, Chem Eng

N. Tornberg, Graduate Fellow, Physics

D. Townsend, Res Asst, Metal

R. Traccucci, Res Asst, Nucl Eng

R. Traskos, Res Asst, Chem Eng

D. Umstead, Res Asst, Mech Eng

171

28

324

179

1

2

122

139

171

283

283

241,406

333

406

189

251

122

195

283

303

297

313

69

5

107

87

2

31

241

2OO

327

122

107

323

39

237

327

312

297
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H. P. Utech, Res Asst, Metal

D. W. Vahey, Undergrad Student, Physics

T. Valahas, Res Asst, Metal

G. D. VanArsdale, Res Asst, Mech Eng

E. Venturini, Undergrad Student, Elec Eng

P. J. Vergano, Graduate Fellow, Metal

H. Vienneau, Res Asst, Chem Eng

M. Vukcevich, Res Asst, Metal

J. Waldman, Res Asst, Metal

J. Walpole, Res Asst, Elec Eng

M. Wanas, Res Asst, Elec Eng

K. L. Wang, Graduate Student, Elec Eng

E. D. Ward, Graduate Student, Mech Eng

D. Webster, N U Coop Student, Nucl Eng

N. Weeks, Res Asst, Chem Eng

C. Weissgerber, Undergrad Asst, Mech Eng

J. M. Wells, Res Asst, Metal

R. D. Wells, Graduate Student, Mech Eng

C. Whitney, Undergrad Student, Elec Eng

F. Williams, Undergrad Student, Elec Eng

R. A. Williams, Res Asst, Elee Eng

S. J. Williamson, Grad Fellow, Physics

C. B. Willingham, Res Asst, Metal

A. M. Willner, Res Asst, Civil Eng

N. H. M. Wilson, Graduate Student, Civil Eng

O. Wittke, Graduate Student, Physics

J. Womac, Res Asst, Metal

J. Womac, Res Asst, Elec Eng

J. E. Woodilla, Res Asst, Metal

F. Woolley, Graduate Fellow, Metal

A. Worek, Undergrad Student, Physics

R. Wright, NSF Fellow, Metal

W. Wuerth, Res Asst, Chem Eng

M. Yamazaki, Res Asst, Metal

C. F. Yarnell, Res Asst, Chem

J. Yarwood, Res Asst, Metal

E. F. Young, Graduate Asst, Physics

R. A. Young, Res Asst, Chem

J. Zagarins, Res Asst, Metal

189

52

241

309

117

200

323

139

159

4O9

107

117

303

327

323

263

139

271

65

52

107

49

200

283

283

8

241

4O9

122

179

10

257

323

171

28

179

36

28

122
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J.A. Aclario, Metal.

D.F. Aitken, Mech. Eng.

E.H. Backman, Metal.

K.H. Benner, Mech. Eng.

R. Berry, Metal.

M. Blaho, Elec. Eng.

R.E. Boyd, Civil Eng.

W. Brennan, Elec. Eng.

T.J. Brown, Metal.

W. Carrasco, Metal.

T. Curran, Metal,

A. D'Addario, Physics

G. Eldis, Metal.

M.D. Eldis, Metal.

D.F. Ellingwood, Metal.

D.M. Fellows, Metal

W. Fitzgerald, Metal.

T. Flnagan, Metal.

A.E. Freker, Metal.

H.C. Greenlaw, Jr., Chem. Eng.

W. Henry, Mech. Eng.

C.J. Herman, Metal.

J.F. Howard, Nucl. Eng.

P.A. Kearney, Metal.

J.D. Kierstead, Physics

J.T. King, Civil Eng.

E. Leonard, Physics

R. Leonard, Mech. Eng.

R.A. Mills, Elec. Eng.

S. Mitchell, Chem. Eng.

M. Morris, Metal.

J. O'Callaghan, Mech. Eng.

Jane Operacz, Metal.

T. Oversluizen, Physics

A.J. Pierni, Nucl. Eng.

A. Pinella, Metal.

G. Pishenin, Metal.

W. Pitkin, Elec. Eng.

I.M. Puffer, Metal.

F.W. Renter, III, Metal.

122

309

189

309

189

87

284

69,79, 82

199

139

171

10

195

195

241

200

241

165

200

315, 321

257, 259, 262, 663

241

327

2O0

52

284

56

263

103

321, 323

171
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